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Abstract
Pixelated Cd(Zn)Te radiation detectors are a promising technology for X-ray imaging ap-
plications but their areas are limited to 5 cm2. Active-edge sensors, without guard bands,
are explored and characterised in this work to produce a large panel pixelated Cd(Zn)Te
detector built of tiled modules with minimal gaps between them.
The characterisation of an active-edge sensor fabricated using present processing technolo-
gies showed that 87 % of all edge pixels had excellent spectroscopic characteristics for
X-ray imaging. However non-uniformities in the charge collection were observed in 34 %
of the pixels. These were attributed to regions with poor charge collection efficiency up to
200 µm from the edge due to a low electric field strength near the edge that was caused by
the high edge surface leakage currents. New techniques for the processing of the crystal
edges were investigated with the aim of improving the sensitivity of the detectors up to the
edge of the crystal. The leakage current was significantly reduced when the diced edges of
CdTe sensors were lapped with a 3 µm alumina slurry followed by a polish with a 0.3 µm
alumina slurry. This resulted in 60 % of edge pixels with excellent characteristics for X-ray
imaging. The remaining 40 % presented poor spectroscopy due to damaged pixels, as a con-
sequence of the difficulties in handling the 1 mm thick crystal whilst manually processing
the edge surfaces. The polished and diced surfaces were illuminated edge-on, between the
cathode and the anode, for the first time ever in CdTe. Poor detection and charge collection
efficiency were observed within 12 µm from the polished edge surface and 80 µm from the
diced edge surface. This was attributed to a high density of electron traps at the crystal edge
due to dicing and processing that originated multiple trapping and de-trapping of charge
carriers.
This work concludes that active-edge CdTe radiation detectors are a promising technology
for the production of a large Cd(Zn)Te radiation detector for X-ray imaging. The non-
uniformities seen in the edge pixels are related to the high edge surface leakage currents due
to the introduction of trap states during dicing. These are reduced by edge processing which
creates active-edge pixels sensitive to radiation within 12 µm from the edge surface.
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Chapter 1
Introduction
Natural and man-made ionising radiation has found many applications and uses ever since
the discovery of X-rays by Wilhelm Röntgen in 1895 [1]. It is widely used today, for exam-
ple, in large science facilities, medicine, industry and in national security with the intent of
furthering our scientific knowledge, to diagnose and treat cancers and other diseases, and to
protect our countries from terrorism. The use of ionising radiation in such widespread ap-
plications requires radiation detectors that are able to detect, track and/or identify particles
or photons.
Radiation detectors currently used for X-ray and γ-ray imaging can be broadly categorised
into three groups: gas, scintillator and semiconductor radiation detectors. Gas detectors are
one of the oldest and most widely used type of radiation detectors. In these detectors, the in-
teraction of the ionising radiation with the gas, most commonly argon or helium, generates
charged ions that form the basis of the detector signal. Gas detectors are cheap and can be
built in large volumes but are highly inefficient and have poor energy and spatial resolution.
Scintillators were introduced in the 1950s as indirect radiation detectors. The incident pho-
tons are converted into visible light photons that are then collected by another device, usu-
ally photomultipliers, where they are converted into photo-electrons. The photo-electrons
form a detectable electronic pulse where the magnitude of the pulse is proportional to the
energy of the ionising radiation. Scintillators are also available in large volumes and can be
made to have spatial resolution, both of which are necessary and advantageous for X-ray
imaging. They are more efficient and have better energy resolution but are more expensive
and usually more fragile than gas detectors.
A need for detectors with even better energy resolution for X-ray imaging led to the devel-
opment of semiconductor based radiation detectors during the 1950s. Semiconductors are
characterised by having electrical properties that are intermediate between metals and in-
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sulators, with resistivity values between 10−2 Ω.cm and 108 Ω.cm. They are mainly found
between columns II and IV in the periodic table and can be either elemental semiconductors
or compound semiconductors.
The efficiency and the electrical properties of semiconductors, two important characteristics
in radiation detection, are determined by the atomic number (Z), the density and the resis-
tivity of the material. These properties, for the most important semiconductor materials, are
described in Table 1.1.
Table 1.1 Atomic number, density and resistivity of the most common materials used as semiconductor radi-
ation detectors.
The first semiconductor detectors to be produced were based on Silicon (Si) and Germanium
(Ge) technologies. Cadmium Telluride (CdTe) and Cadmium Zinc Telluride (CdZnTe) (col-
lectively referred to as Cd(Zn)Te) have several advantages over these semiconductor ma-
terials, including Gallium Arsenide (GaAs), due to their superior electrical resistivity and
higher density and effective atomic number. CdZnTe is advantageous over CdTe in that
it has higher resistivity and thus lower leakage current that leads to an improved signal to
noise ratio (SNR).
The detector efficiency of several semiconductors, based on the photoelectric effect prob-
ability in a 1 mm thick material, for energies up to 1 MeV, is shown in Figure 1.1. For
the same detector thickness, Cd(Zn)Te has higher detection efficiency for energies up to
200 keV than any of the other semiconductor materials described above, which together
with its room temperature operation, is a major advantage over traditional Si and Ge based
technologies. As a result, the development of compound semiconductors such as Cd(Zn)Te
has been gaining importance in the past decades as an alternative semiconductor to the tra-
ditional materials.
The need for radiation detectors that provide spatial resolution originated from particle
physics, where it became important to track particles in the 1970s.
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Figure 1.1 Detector efficiency for 1 mm thick CdTe, Si and Ge detectors. Calculation based on the photo-
electric probability from the mass attenuation coefficients taken from NIST [2]. The detector efficiency for
CdZnTe and GaAs is similar to that shown in the figure for CdTe and Ge, respectively.
The first tracker detectors were microstrip detectors, that could be readout by miniaturised
but discrete electronics since the integrated circuit technology was not yet very mature [3].
The first generation of pixelated detectors was developed in the 1990s with the advancement
in microelectronics [3, 4]. High Z pixelated detectors, such as Cd(Zn)Te, were soon under
intense research due to their excellent energy and spatial resolution as well as high detection
efficiency for X-ray and γ-ray energies up to 200 keV at room temperature.
Pixelated Cd(Zn)Te has wide-spread uses in astrophysics and solar imaging/spectroscopy
[5], energy dispersive diffraction imaging of cancerous tissues and illicit substances [6, 7],
materials characterisation techniques [8] and in medicine [9]. Figure 1.2 shows two exam-
ples of the application of the energy and spatial resolving capabilities of CdTe pixelated
radiation detectors. The elemental composition of the components of a webcam dongle and
their location is shown in Figure 1.2 a) through X-ray fluorescence. Figure 1.2 b) compares
the imaging performance of a brain phantom with a commercial gamma camera, that uses
scintillator detectors, and a CdTe radiation detector. The use of CdTe reduces the cross-talk
between the energy windows of two radioisotopes, which shows the potential of this tech-
nique to differentiate between Parkinsonian syndromes [9].
Despite its superb advantages for X-ray imaging, high quality Cd(Zn)Te pixelated detectors
are limited in size to areas smaller than 5 cm2 due to crystal growth complications and to
the reticle (photomask) size of the Application Specific Integrated Circuits (ASICs), used in
pixelated devices.
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1.1 Aims and objectives
Figure 1.2 X-ray fluorescence imaging of a webcam dongle showing elemental distribution (a) and comparison
between a scintillator and a CdTe radiation detector in nuclear medicine brain imaging with a phantom (b).
Adapted from [8] with permission of The Royal Society of Chemistry and [9] (© 2012 IEEE).
By contrast, large radiation detectors are often required or desirable in a number of appli-
cations. In modern digital radiography, where the ability to image the whole human body
is desirable (full-body scan), radiation detectors have large areas of the order of 1500 cm2
[10]. Radiography, amongst many other imaging applications, is a technique that would
greatly benefit from the use of semiconductor detectors as a result of their higher detection
efficiency and improved spatial and energy resolutions that permit high quality X-ray imag-
ing. However, it requires detector areas that are much larger than those actually available for
pixelated Cd(Zn)Te radiation detectors. If detector technologies based on Cd(Zn)Te are to
become commercially viable, there is an urgent need to develop solutions for the production
of large Cd(Zn)Te areas detectors.
1.1 Aims and objectives
One possible solution is to tile the current pixelated Cd(Zn)Te modules to produce a large
panel detector. This requires the development of the mechanics to tile the modules, as those
seen in Figure 1.3 a) for a roof-tiled large CdTe radiation detector; the use of Through
Silicon Via (TSV), that conducts the signal through the ASIC rather than through the outer
wire-bonds, which minimises the dead space between modules (Figure 1.3 b)); and the use
of CdTe sensor geometries that maximise the imaging area of CdTe pixelated detectors.
4
1.2 Thesis outline
Figure 1.3 A roof-tiled array of 5 x 5 pixelated CdTe detectors (a) and SEM image of a Focused Ion Beam
(FIB) cross-section of the connection of a TSV to a metal pad in the ASIC. From [11] and [12] (© 2014 IEEE).
These sensor geometries are characterised by a minimal/negligible distance between the
pixel array and the physical CdTe edge, achieved by the omission of the traditionally used
guard bands. These sensors, referred to as "active-edge", allow individual modules to be
tiled in an array of N x N modules while maintaining minimal dead space. The work con-
tained in this thesis focuses on the development and characterisation of these sensor geome-
tries.
A thorough understanding of the properties of the CdTe material is required to interpret the
effect of removing the guard bands, particularly on the pixels nearer to the edge (edge pix-
els). The work presented in here aims to characterise and explore the origin of these effects,
their influence in X-ray imaging and how to mitigate them, so that a large panel semicon-
ductor detector can be successfully built for X-ray imaging applications up to 200 keV.
1.2 Thesis outline
This document has been divided into a number of distinct chapters that have been structured
to include the relevant scientific background and the experimental methods and measure-
ments conducted to characterise the edge effects in active-edge pixelated CdTe radiation
detectors. Chapter 2 introduces the essential scientific background to understand the prob-
lem addressed in this work and what is known thus far about edge effects in semiconductor
radiation detectors. Chapter 3 includes the general experimental methodology of the tech-
niques and experiments conducted in the chapters that follow.
The first chapter with experimental results, Chapter 4, characterises an active-edge CdTe
pixelated radiation detector fabricated using Acrorad’s state of the art technology, where
the edge effects observed are simulated using the TCAD simulation package. A technique
5
1.2 Thesis outline
to process the side surfaces of Cd(Zn)Te is developed and analysed in Chapter 5, with the
aim of improving the sensitivity of the sensors up to the edge. The performance of the
edge pixels in these CdTe radiation detectors with processed edges is also investigated in
this chapter. It is further characterised with a X-ray micro-beam in Chapter 6 where the
radiation detection of the edge pixels with diced and processed edges is characterised edge-
on, i.e. from cathode to anode. The conclusions of the work developed in this thesis and
suggestions for further work are detailed in Chapter 7.
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Chapter 2
Scientific Background
2.1 Introduction
The use of semiconductor radiation detectors for imaging applications using X-rays and
γ-rays with energies less than 200 keV involves the understanding of crucial concepts of
radiation interaction with matter, semiconductor physics and on the operation of radiation
detectors. This chapter includes a summary of the fundamental theories relevant to the
operation of semiconductor radiation detectors as well as a review of previous studies of
edge effects in these materials.
2.2 Radiation interaction with matter
The understanding of the operation of radiation detectors requires knowledge of the fun-
damental interaction mechanisms of radiation with matter. The dominant three mechanics
of the electromagnetic ionising radiation interaction with matter are: photoelectric effect,
inelastic scattering, also known as Compton effect, and pair production.
The probability of their occurrence can be described using the attenuation coefficient, that
characterises how easily a material can be penetrated by radiation. The linear attenuation
coefficient (µ), given as cm−1, describes the fraction of electromagnetic radiation that is
absorbed or scattered per unit thickness of the absorber material. However, it is limited by
the density of the absorber (ρ), even if the absorber is the same [13], which is why the mass
attenuation coefficient (µ/ρ), with units of cm2/g, is much more widely used. Figure 2.1
shows the probability of the occurrence of the dominant interaction mechanisms in CdTe,
given by the mass attenuation coefficient.
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2.2 Radiation interaction with matter
Figure 2.1 Log-log plot of the mass attenuation coefficients for CdTe according to energy. Values taken from
NIST [2].
The photoelectric effect and the inelastic scattering are the most important for the energies
used in here (< 200 keV), where the photoelectric effect dominates up to 100 keV. Pair
production occurs only for photon energies above 1.022 MeV, which are out of the scope of
this thesis.
2.2.1 Photoelectric effect
The photoelectric effect occurs when the photon transfers all of its energy to a single electron
in the medium. It is the ideal process for radiation detection. An electron is ejected from
the inner shell of the atom in this interaction. This electron is called the photoelectron and
its energy is given by:
Ephotoelectron = E−EB (2.1)
where EB is the binding energy of the inner ejected electron and E the original photon
energy. A vacancy, also known as a hole, is left behind in the inner shell due to the ejection of
the photoelectron. This photoelectron-hole pair is swept away under an electric field applied
in the semiconductor material and will induce a signal in the electrodes of the detector.
The probability of the photoelectric effect Pp.e. exhibits a dependence on the atomic number
8
2.2 Radiation interaction with matter
of the material, and has been parametrised as [13]:
Pp.e. =
Zn
E3.5
(2.2)
where n is a number that varies between 4 and 5, showing the high dependence of the
photoelectric effect on the atomic number of the material, which is another attractive feature
of Cd(Zn)Te.
The K, L and M edges, seen in Figure 2.1, are created when the atom rearranges itself or
captures a free electron from the medium to fill the vacancy left by the ejected photoelectron,
causing energy to be released in the form of a characteristic X-ray of the material. X-rays
with energies between 3 keV and 5 keV are released for Cd and Te atoms if the photoelectron
is ejected from the L or M shells. If the photoelectron is ejected from the K shell, X-rays
with energies from 23 keV to 27 keV are released by Cd atoms and between 27 keV and 32
keV by Te atoms. Characteristic X-rays from the K shell are more likely to interfere with
the spectroscopic measurements due to their higher energy, and thus their presence needs to
be taken into consideration when analysing spectra acquired with Cd(Zn)Te.
2.2.2 Inelastic scattering
Inelastic or Compton scattering occurs when a photon of energy E is scattered at an angle θ
from its original direction after interacting with a free electron of the material. The photon
transfers part of its energy to the outer shell electron that is subsequently ejected from the
atom and is known as recoil electron. The energy of the photon after scattering E’ can be
calculated based on the conservation of momentum and energy as:
E ′ =
E
1+
E
moc2
(1− cosθ)
(2.3)
where E is the photon original energy and moc2 is the energy of the electron at rest (511
keV). Consequently, the energy of the recoil electron is the difference between the original
photon energy E and the photon energy after scatter E’. The scattering angle varies from the
minimum of θ = 0, where E’ = E, to the maximum case when θ = π .
Compton scattering depends on the photon energy and on the number of electrons available
in the material. The probability of Compton scatter per atom in the material is proportional
to the atomic number (Z) and therefore more probable in Cd(Zn)Te than other semiconduc-
tor materials, such as Si or Ge, at a given E. It becomes more significant as an interaction
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mechanism for energies above 100 keV up to 1 MeV (Figure 2.1).
2.2.3 Mean free path
The extent that the radiation flux is attenuated by a material can be described through the
Lambert-Beer law, given by:
I
I0
= e−
µ
ρ ρD (2.4)
where I/I0 is the fractional reduction of intensity of the radiation beam, µ the linear attenu-
ation coefficient, ρ the density of the material and D the thickness of material.
The average path length a photon will travel between collisions before its energy is fully
transferred to the material, when the interaction occurs via the photoelectric effect, is de-
scribed by the mean free path. Figure 2.2 shows the mean free path, in µm, of the X-rays in
CdTe according to their energy and that of Si for comparison.
Figure 2.2 Mean free path, in µm, vs. X-ray energy, in keV, in CdTe and Si. Values taken from NIST [2].
The mean free path is given as the inverse of the linear attenuation coefficient, 1/µ, and an
estimated (1-1/e = 63 %) of all photons, where e is the Napier’s constant, will have interacted
within the thickness of material that corresponds to one mean free path [13]. The mean free
path is an important concept for the experimental measurements explored in Chapter 6.
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2.3 Properties of Cadmium (Zinc) Telluride
CdTe and ZnTe, the two alloys that form CdZnTe, have one of the most common com-
pound semiconductor crystal structures: face-centred cubic (fcc), also known as zinc blende,
shown in Figure 2.3.
The CdZnTe crystal structure is formed by the CdTe and ZnTe sub-lattices that are parallel
to each other at a distance of a quarter of a unit cell body diagonal to each other. The Cd
(in CdTe) or Zn (in ZnTe) atoms occupy one sub-lattice while the Te occupies the other
sub-lattice [14, 15].
Figure 2.3 The zinc blende crystal structure. The dashed lines represent the unit cell. Cd atoms are in red and
Te atoms in blue in CdTe, and Zn atoms are in red and Te atoms in blue in ZnTe.
The basis vector, −→v , of the Cd(Zn)Te crystal structure, that connects Cd to Te in CdTe and
Zn to Te in ZnTe, can be defined as:
−→v = a
4
+
a
4
+
a
4
(2.5)
CdZnTe is usually described as Cd1−xZnxTe and is considered as a CdTe crystal with Zn
atoms that substitute a fraction of the Cd atoms. The lattice constant a of Cd1−xZnxTe can
be calculated based on Vegard’s law:
a(CdZnTe) = aCdTe(1− x)+aZnTex (2.6)
If for example x = 0.1, then the lattice constant of Cd0.9Zn0.1Te is approximately 6.46 Å.
The lattice constant of the material is related to the size of its band gap. CdZnTe has a band
gap of 1.6 eV, whereas CdTe and ZnTe, with an average lattice of 6.5 Å and 6.1 Å, have a
band gap energy of 1.5 eV and 2.2 eV.
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2.3.1 Cd(Zn)Te crystal growth
There are several techniques that can be applied to grow single crystal CdTe and CdZnTe
but the purpose is the same: to grow defect-free material with high resistivity. It is also
desirable in terms of cost-efficiency to control the growth process, in order to produce large
quantities of material at low cost and with large yields of production [14].
The most common methods used for growing CdTe and CdZnTe are the Bridgman Method
and the Travelling Heater Method (THM). All the crystals used in this thesis are fabricated
by the latter. During the growth of Cd(Zn)Te, both ZnTe and CdTe are solid solutions
throughout the total alloy range. A Te-rich solution of CdTe is used to grow high resistiv-
ity material that can be reached at a much lower temperature (∼ 700 ◦C) than the melting
temperature of homogeneous CdTe (∼ 1365 K = 1092 ◦C). Difficulties in the growth pro-
cess make it difficult to grow defect-free material, as inclusions and precipitates are easily
created.
Bridgman method
The Bridgman method is a melt growth technique that can be used in a vertical (vertical
Bridgman) or horizontal (horizontal Bridgman) furnace. Instead of changing the tempera-
ture profile, as in more conventional techniques, the crucible that contains the melt is moved
through the furnace. The elemental constituents (Cd, Te and Zn) are loaded in a clean am-
poule and are melted at temperatures greater than 1100 ◦C, so that they can be homogenised
[16]. Subsequently, the melt is slowly frozen by moving the ampoule at rates of millimetres
per hour. Cooling for over 24 h is usually sufficient for the production of single crystal
CdTe.However to improve structural properties and prevent cracking in CdZnTe, a post-
growth annealing at 800 - 900 ◦C is often used [16].
Travelling heater method
The THM is a solution growth method where the solution is heated above the melting point
and is cooled to crystallise. The growth rate is much slower than that in the Bridgman
method, at a rate of few millimetres per day [16]. However, it produces higher resistivity
material and the purity of the crystal is much greater due to segregation effects [16].
The yield for Cd(Zn)Te growth, which is the amount of good quality material that can be
used as a radiation detector, was very small (< 10 %) in the late 1990s [17] due to the pres-
ence of several crystal defects, described in the following section. The single crystal yield
has significantly increased with an improved and more controlled THM crystal growth and
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it was being quoted, by 2006, as 87 % for CdTe [18] as grown by Acrorad Ltd (Figure 2.4).
However, despite the increased yield in the growth of good quality Cd(Zn)Te, it is difficult
to completely avoid crystal defects that hinder the performance of the material as a radiation
detector.
Figure 2.4 CdTe single crystal ingot grown by Acrorad Ltd. From [19], © 2009 IEEE.
Crystal defects
The electric properties of semiconductor materials, such as Cd(Zn)Te, are particularly af-
fected by defects in the crystal that arise during growth. Cracks, dislocations, inclusions,
grain boundaries, impurities and precipitates, all scatter charge carriers or act as recombi-
nation centres in the material, resulting in charge loss [20] which leads to a reduction in the
performance of the detector.
Voids, pipes and inclusions in the grown material reflect poor crystallization conditions that
result in a yield decrease [20]. These, in conjunction with cracks, act as accumulation sites
for metallic impurities that have much lower resistivity than the bulk crystal [14], and may
degrade the electric properties of the material. Inclusions tend to form at the liquid/solid
interface during the melt growth. Turbulence at this interface causes pockets of tellurium to
get caught in the solidifying crystal and, as the crystal cools, these pockets become trapped
creating inclusions (Figure 2.5).
Precipitates are formed as new crystals from atoms that could not dissolve in the grain and
are usually dispersed through the crystal. Precipitates do not affect the electric properties of
the material but that might not be the case if they are present along grain or twin boundaries.
Te-precipitates and inclusions are the most common crystal defect found in Cd(Zn)Te due
to the Te-rich crystal that is grown in order to achieve a higher resistivity material. As a
result of the low band gap of Te (0.33 eV), the electrical resistivity of these precipitates is
much lower than the surrounding material which may cause higher leakage currents [14]
that reduce the energy resolution of the detectors.
13
2.4 Production and transport of charge carriers in semiconductors
Figure 2.5 An infrared transmission image of Te inclusions trapped in a CdZnTe crystal. From [21],
© 2011 IEEE.
Inclusions and precipitates are a major concern for the detector performance if present in
high densities and sizes larger than 10 µm. They also tend to act as accumulation sites for
impurities. Impurities, i.e. elements other than Cd, Te or Zn, can act as donor or acceptor
sites occupying Te sites or Cd sites, respectively. Donor impurities create additional elec-
trons while acceptor impurities increase the number of holes in the material. Impurities
introduce allowed energies in the band gap that can be classified into deep or shallow levels,
according to their location within the gap. Shallow trapping levels are found close to the
valence or conduction band whereas deep levels are closer to the middle of the band gap
[22]. These levels, particularly deep levels, create trapping sites for charge carriers, and
thus affect the charge transport properties of semiconductor materials.
2.4 Production and transport of charge carriers in semi-
conductors
2.4.1 Production of charge carriers
The periodic lattice of semiconductors crystals defines allowed energy bands that the elec-
trons can occupy. There are several models that describe the formation of the band gap of
solids materials but one of the most common is the sp3 hybridisation. In CdTe, the energy
bands are created by the combination of the valence electron atomic orbitals of Cd and of Te
that form energy levels separated in energy bands. In CdTe and ZnTe, there are four valence
bands that form four energy levels which can contain eight valence electrons per primitive
14
2.4 Production and transport of charge carriers in semiconductors
cell. Two energy levels are lowered in energy and are defined as the bonding orbital that
forms the valence band. The two other energy levels are raised in energy and are referred
to as the anti-bonding orbital that forms the conduction band. The valence band contains
the electrons responsible for the crystal bonding whilst the conduction band contains the
electrons that are free to migrate through the crystal lattice. At absolute zero (0 K), the va-
lence band is completely full whereas the conduction band is empty. A band gap of energy
Eg is created under these conditions, that corresponds to the energy difference between the
highest occupied state in the valence band and the lowest occupied state in the conduction
band.
Band gaps can be classified into two types: direct and indirect. In a direct band gap semicon-
ductor, such as Cd(Zn)Te, the minimum energy of the conduction band and the maximum
energy of the valence band occur at the same value of electron momentum k (Figure 2.6 a)).
Figure 2.6 Direct band gap (a) and indirect band gap (b).
In an indirect semiconductor, as Si or Ge, the top of the conduction and valence band oc-
cur at different electron momenta (Figure 2.6 b)). The difference between the two is not
important in ionising radiation detection but it is relevant in optical devices. In an indirect
band gap semiconductor, an electron must significantly change its momentum for a photon
to produce an electron-hole pair, which requires the electron to interact with the photon and
with phonons to gain or lose momentum. The response of indirect band gap semiconductors
is much slower as it requires the process to be mediated by phonons and therefore are not
suitable as optical devices.
In alloy semiconductors, the size of the band gap is related to the composition of the alloy.
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If we take Cd0.9Zn0.1Te, a direct band semiconductor, its band gap can be written as [14]:
Eg(Cd0.9Zn0.1Te) = Eg(ZnTe)+0.9[Eg(CdTe)−Eg(ZnTe)]− (0.1b−0.09) (2.7)
where b is the bowing parameter which is attributed to short-range disorder [14]. This gives
a band gap energy of 1.57 eV for Cd0.9Zn0.1Te.
The probability of an electron occupying the available energy levels in the band gap is given
by the Fermi-Dirac distribution that states:
f (Es) =
1
1+ e
Es−EF
kT
(2.8)
where f (Es) is the occupation probability of a state of energy Es, EF is the Fermi level, k the
Boltzmann constant and T the temperature (in Kelvin). The Fermi level characterises the
highest level of electron filling within a band at absolute zero. For Es = EF , the Fermi level
is described as a state with 1/2 probability of being populated with electrons for a given
temperature [13].
The energy of the ionising radiation is transferred to electrons in the material as the pho-
tons interact with the semiconductor, which excites the electrons to unfilled energy states
in the conduction band. The electron leaves behind an empty state in the valence band that
is called a hole. The ionising radiation simultaneously creates electron-hole pairs in the
detector that are in direct proportion to the energy deposited. These electron-hole pairs are
referred to as charge carriers. The minimum energy, termed w-value, necessary to create an
electron-hole pair is determined by the band gap of the material. Table 2.1 presents the band
gap energies and w-value of the most common semiconductor materials used as radiation
detectors.
Table 2.1 Band gap and w-value, at room temperature, of the most common materials used as semiconductor
radiation detectors.
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Smaller w-values produce more electron-hole pairs for a certain photon energy, which re-
sults in a better intrinsic energy resolution. The w-value is larger than the band gap of
Cd(Zn)Te due to the fluctuations on the number of charge carriers produced, which is des-
ignated as the Fano noise. In a semiconductor, the Fano noise is the fundamental limiting
factor in the energy resolution of a radiation detector. The w-value of Cd(Zn)Te is larger
than that of Si and Ge, hence its intrinsic energy resolution will always be worse than these
two materials.
An electric field has to be applied in the material to overcome the electrostatic Coulomb
force of the charge carriers to avoid recombination, allowing them to be transported through
the material and to be collected at the electrodes. The motion of charge carriers is treated to
be semi-classical and thus the transport of electrons and holes to the respective electrodes
in semiconductors can be derived from the Boltzmann Transport Equations.
2.4.2 Transport of charge carriers
Many of the equations of charge transport within semiconductors can be derived from the
Poisson equation of electrostatics, which relates the total space-charge to the divergence of
the electric field, by defining the electrostatic potential as:
▽2ϕ =−δ
ε
(2.9)
where ▽ is the divergence operator, ϕ the electric potential, δ the charge density and ε the
permittivity of the medium.
If the charge density is zero (no trapped charges in the sensor) then the Poisson equation is
reduced to the Laplace equation:
▽2ϕ = 0 (2.10)
The numerical solution for the electrostatic potential can be solved for every point within
the device by applying the appropriate Laplacian operator according to the geometry of the
device. The electric field and the total space charge, ρ , that assumes complete ionisation,
are then described by:
−→
E =▽2ϕ (2.11)
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ρ =−q(n− p+N) (2.12)
where
−→
E is the electric field vector, q the electron electric charge, n and p the electron and
hole carrier densities and N = N+D - N
−
A where N is the total net dopant concentration, ND
the donor concentration and NA the acceptor concentration.
The electron-hole pairs are subjected to random thermal motions immediately after their
electron-generation. This results in their diffusion from the original point of interaction of
the photon with the material, spreading the charge cloud. The current density equations for
electrons (Jn) and holes (Jp), that describe the diffusion of charge carriers, are given by:
Jn = qµnn.
−→
E +qDn▽n (2.13)
Jp = qµpn
−→
E +qDp▽ p (2.14)
where µn and µp are the electron and hole mobility and Dn and Dp are the corresponding
diffusion coefficients.
The mobilities and diffusion coefficients are related by the Einstein relation:
Dn = µn
kT
q
(2.15)
Dp = µp
kT
q
(2.16)
where
kT
q
is 0.0253 V at 20 ◦C.
The charge carriers undergo a net migration under the electric field where their motion is a
combination of their random thermal velocity and the drift velocity. The drift occurs parallel
to the direction of the electric field, where holes drift in the same direction as the electric
field and electrons in the opposite direction. The average drift velocity (ν), for electrons and
holes is given below, but it saturates at high electric fields:
νn =−µn−→E (2.17)
νp =−µp−→E (2.18)
The drift length, λ , quantifies the charge carrier transport through the detector. It is defined
in terms of the carriers lifetime, τ , that is the average statistical time between interactions
when the charge carriers can freely move without trapping or recombination, due to charge
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trapping caused by lack of stoichiometry or impurities in the material. It is given by:
λn =−µnτn−→E (2.19)
λp =−µpτp−→E (2.20)
The drift length of the charge carriers has to be significantly larger than the thickness of
the detector for charge to be fully collected. The µτ product for Cd(Zn)Te is in the order
of 10−3 cm2/V for electrons and 10−4 cm2/V for holes [20, 23], whereas this product is
greater than unity for Si and Ge sensors due to the availability of these materials in high
purity [20, 24]. This indicates that the trapping probability of holes is high in Cd(Zn)Te
which can limit the charge collection efficiency of this material.
The electron and hole concentrations, under non-equilibrium conditions, are taken with ref-
erence to the quasi-Fermi levels (EFx) that are expressed by:
EFn = qφn (2.21)
EF p = qφp (2.22)
where φn and φp are the Fermi potentials, given by the potential difference between the
quasi-Fermi level and the intrinsic Fermi level in the semiconductor material.
Thus, n and p can be described by:
n = niexp
q(ϕ−φn)
kT
(2.23)
p = niexp
q(ϕ−φp)
kT
(2.24)
where ni is the intrinsic carrier density.
It is now possible to rewrite equations 2.13 and 2.14 in terms of quasi-Fermi levels by using
equations 2.15, 2.16, 2.23 and 2.24 [25]. The current densities for electrons and holes are
then given by:
Jn =−qµnn▽nφn (2.25)
Jp =−qµp p▽nφp (2.26)
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Therefore, all carrier transport models for semiconductors can be written in the form of the
continuity equations that describe charge conservation [26]. These are given by:
▽Jn = qR+qdndt (2.27)
−▽ Jp = qR+qdpdt (2.28)
where R is the net recombination rate.
2.4.3 Recombination and trapping of charge carriers
The presence of impurities and crystal defects introduce shallow and deep levels in the crys-
tal lattice. These levels are empty states capable of trapping both types of charge carriers,
especially if the applied electric field is not strong enough to easily transport the charge car-
riers to the electrodes. Acceptor defects are positioned near the valence band while donor
defects are closer to the conduction band. In their neutral state, acceptor levels will trap
electrons whereas donor levels trap holes (Figure 2.7).
Figure 2.7 Donor trap in its neutral state (a) and acceptor trap (b) in its neutral state. Ec is the energy of the
conduction band and Ev the energy of the valence band. ED is the energy of the donor trap and EA the energy
of the acceptor trap.
The trapping of electrons occurs when one electron in the conduction band falls into an
empty state in the band gap, more frequently into deep levels [13, 22]. If a trapping of a
hole from the valence band occurs approximately at the same place as the trapping of an
electron in this empty state, then this causes the electron and hole to recombine and the
charge is lost as a consequence [13]. The levels where this process occurs are called recom-
bination centres.
Alternatively, the electron or hole can be trapped by themselves in one of these levels for a
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certain amount of time until released. The length of time that an electron or hole remains
trapped is dependent on the energy of the trap and the temperature of the detector. If a car-
rier remains trapped for a sufficiently long time then it will no longer contribute towards the
signal formed in the sensor [13].
Another type of recombination occurs when the generated electron-hole pairs recombine
immediately after creation. This is the result of the fall of an electron from the conduction
band into the valence band where it recombines with a hole.
Both recombination and trapping of charge carriers imply charge loss and tend to reduce
the average lifetime of the charge carriers in the material. In order to avoid recombina-
tion/trapping in semiconductor radiation detectors, the applied bias voltage has to be high
enough to increase the carrier speed, which results in reduced trapping during drift, or to
reduce the recombination at the electron-hole generation point.
2.4.4 The Shockley-Ramo theorem
The concept of induced charge Q is crucial to the understanding of charge collection. The
incident radiation creates free moving charge Q0 given by:
Q0 =
qE
w
(2.29)
where q is the electric charge, E the interacting photon energy and w is the w-value. The
drift of electrons and holes within the sensor results in the formation of an induced charge,
∆Q, on the electrodes. This induced charge is described by the Shockley-Ramo theorem.
It states that a moving point charge q induces a charge Q and a current i on an electrode
[13, 27] according to:
Q =−qϕ0 (2.30)
i = qυε0 (2.31)
where ϕ0 is the weighting potential, υ is the instantaneous velocity of charge q and ε0 the
weighting field.
The weighting potential is a theoretical concept that describes how charge motion couples to
a specific electrode and is only dependent on geometry. High values of weighting potential
near a pixel anode, for example, indicate that most of the charge is induced when the moving
charge is near that pixel anode. A number of special conditions are applied to the Laplace
equation to define the weighting field and potential within the detector.
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The weighting potential is defined as the potential obtained when the collecting electrode is
set to unity (1 V) while all other electrodes are held at zero potential (0 V) [13, 28].
Thus, the induced charge by a carrier charge q between the positions xi and x f is given by:
∆Q =
∫ x f
xi
qε0.dx =−q[ϕ(x f )−ϕ(xi)] (2.32)
where ϕ(x) is the weighting potential at position x.
The total induced charge in the electrodes in a semiconductor is given by the sum of the
induced charges due to the contribution of the holes and the electrons. In practice, semi-
conductor radiation detectors suffer from structural defects that cause charge trapping and
recombination, as previously discussed. The trapping phenomena is characterised by the
carrier lifetime τ that needs to be taken into consideration when calculating the charge col-
lected at the electrodes.
2.4.5 The Hecht equation
The performance of a detector is described by the Charge Collection Efficiency (CCE), i.e.,
the amount of charge collected at the electrodes relative to that generated. The CCE is
defined as the ratio of the induced charge at the electrode, Q, by the total charge created in
the material, Q0, and includes the contribution of the mean drift length of the charge carriers.
This expression is given by the Hecht equation as [29]:
CCE =
Q
Q0
=
λe
D
[1− exp(−D− x0
λe
)]+
λh
D
[1− exp(− x0
λh
)] (2.33)
where D is the detector thickness and x0 is the distance from the point of charge generation
to the collecting electrode. The Hecht equation assumes a uniform electrical field across the
detector and negligible charge de-trapping.
2.4.6 Small pixel effect
In Cd(Zn)Te, the effective mass of holes is greater than that of electrons meaning that the
fundamental mobility of holes will always be less. The presence of traps in the material
limits the lifetime and also leads to trap-limited mobility where carriers are trapped and
de-trapped multiple times causing the mobility to appear lower than the fundamental value.
This results in a significant reduction of the collection efficiency, especially in thick detec-
tors [27, 30]. Careful selection of the detector electrode geometry can produce weighting
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fields that can limit the effects of carrier trapping, by making the sensor sensitive only to
electrons which have better mobility properties than holes in Cd(Zn)Te. An electrode ge-
ometry that makes use of this single polarity charge sensing configuration is that with a
pixelated anode where the pixel size (wp) is small compared to the thickness of the sensor
(D). Pixelated sensors make use, in their majority, of the small pixel effect.
The principle of the small pixel effect can be explained using the Shockley-Ramo Theorem
which describes the process of charge induction within the radiation sensors. The induced
charge from a moving charge q on an anode pixel is quite small when the distance to that
pixel is greater than the pixel dimension [27]. This is due to the induced charge being
shared among several anode pixels. The induced charge on a particular pixel quickly in-
creases when q is in the vicinity of this pixel, due to the shape of the weighting potential
that is higher nearer the anode than in the cathode in a device with a pixelated anode (Fig-
ure 2.8).
Figure 2.8 Illustration of the weighting potential of a 250 µm pixel (a) and weighting potential vs depth for
a 250 µm and 350 µm wide pixel in 1 mm thick CdTe (b). The cathode is at position 0 µm and the anode at
1000 µm.
The charge induced in the pixelated electrode is mostly due to the drift of electrons close to
the anode and is proportional to the weighting potential. The sensitivity to holes is decreased
in a small pixel detector as the size of the pixel is small relative to the detector thickness
[28]. The small pixel effect is more pronounced in smaller ratios between pixel size and
detector thickness (wpD ), as seen in the example of the 250 µm pixel width compared to the
350 µm pixel width in a 1 mm thick detector in Figure 2.8 b).
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Charge sharing is an important effect in small pixel detectors. It occurs when the charge
cloud induced by an event with energy E is shared among several pixels. Charge sharing is
dependent on temperature, energy of the interacting photon, field strength and the wpD ratio.
A small wpD ratio, low field strength, high temperatures and low energy photons result in an
increase of charge shared events between neighbouring anode pixels.
Several strategies have been developed to cope with charge sharing in order to preserve the
original energy of the incident photons, which is essential in X-ray imaging. A larger pixel
size can be used to avoid large quantities of charge sharing but it results in the reduction
of the small pixel effect and in a decrease of the spatial resolution. Alternatives are charge
sharing corrections, through post-processing with charge sharing discrimination or addition
algorithms [31], or through an implemented charge sharing readout operating mode, such
as the one used in MEDIPIX3 [32].
2.5 Semiconductor fabrication and operation
2.5.1 Semiconductor detector processing and fabrication
Several processes are required to fabricate a semiconductor radiation sensor. As previously
mentioned in section 2.3.1, advances in the growth of Cd(Zn)Te material mean that it is
now possible for large companies to work on a wafer scale. The top and bottom surfaces
are processed on a wafer scale to reduce surface defects. This includes lapping and pol-
ishing with different grades of polishing particles, such as alumina or diamond. Lapping is
characterised by the use of particles with larger diameter (> 1 µm) on a glass plate whereas
polishing is characterised by the use of sub-micron particles on a polishing cloth. The objec-
tive of processing is to achieve a mirror-finish surface that is associated with lower surface
leakage currents [33–35], which increases the performance of the material as a radiation
detector.
Cleanliness is also a major part of the sensor processing and fabrication. Several chemical
solutions are used to decrease surface contamination, especially in the top and bottom sur-
faces where contacts will be deposited. The deposition of electrodes and photo-lithography,
which creates the pixelated patterns, is carried out on a wafer scale where multiple sensors
are diced using a blade after fabrication.
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2.5.2 Contacts
The contacts are formed when metals are deposited on semiconductors and can be classified
as ohmic or rectifying. The most commonly used metal contacts are Aluminium (Al), Gold
(Au), Indium (In) and Platinum (Pt). Ohmic contacts are non-rectifying electrodes that
allow the current to flow in both directions. If both electrodes on a semiconductor detector
are ohmic contacts, then the concentrations of the charge carriers will be kept in equilibrium
[13]. This type of contact creates a linear relationship between the voltage applied and the
current that flows across the detector, obeying Ohm’s law. Traditional radiation detectors
with ohmic contacts are those with Au/Au and Pt/Pt on the cathode/anode of Cd(Zn)Te [36].
Rectifying contacts, also known as blocking or Schottky contacts, allow current to flow only
in one direction which reduces the magnitude of the current through the bulk of the material
[13]. Schottky contacts are formed with the metal combinations of Pt/In or Pt/Al on the
cathode/anode in Cd(Zn)Te. However, it is known that with Schottky contacts CdTe tends
to polarise [37].
2.5.3 Polarisation
One of the main concerns with CdTe radiation detectors is their susceptibility to polarise.
Polarisation can be classified into bias induced polarisation or radiation induced polarisa-
tion, according to the source mechanism.
Bias induced polarisation tends to occur in Schottky CdTe detectors due to the ionisation
of deep acceptors [3]. The applied bias voltage causes band bending at rectifying junctions
which results in deep acceptor states crossing the Fermi level [38]. The deep levels grad-
ually release holes that drift towards the cathode and create a negative space charge in the
bulk [39]. This results in the modification of the electric field which progressively increases
at the biased electrode and decreases at the opposite electrode. A decrease in the pulse am-
plitude and counting rate with time occurs as a consequence of polarisation [3, 39]. This
reduces the overall detection efficiency of the detector. Bias induced polarisation can be re-
duced by improved processing of the contact surfaces or by suppressing deep level traps by
optimising the crystal growth [40]. Another technique is to use a bias refresh mechanism,
where the bias voltage is set to 0 V for a few seconds every minute or several minutes. This
allows the sensor to recover from polarisation.
Radiation induced polarisation occurs when the CdTe sensor is irradiated with a very high
photon flux [40]. It is dependent on temperature and occurs due to the short µτ of holes
in CdTe that increases the probability of hole trapping. All the traps in the Cd(Zn)Te are
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occupied during high flux irradiation, which results in an increase of space charge in the
material [40]. Space charge shields the electric field locally which reduces the drift velocity
of holes and, as a consequence, the trapping probability is increased. This reaches the stage
where more holes are trapped than de-trapped, resulting in the collapse of the electric field
leading to no charge collection [40].
2.5.4 Leakage current
The leakage current, also known as dark current, is an undesirable effect that occurs dur-
ing the operation of semiconductor radiation detectors, that can mask the signal created by
X-rays making it more difficult to identify single photons. It is a small current seen in the
absence of ionising radiation when the detector is biased.
The leakage current is created in the bulk and in the surfaces of the material due to the ther-
mal generation of carriers and energy delivered by the electric field. The surface in itself
is a break in the periodic crystal potential, therefore it is already considered as a defect of
the bulk material that creates energy levels in the band gap [13]. The leakage current in
the surface of a material is originated by defects created by dangling bonds, surface grain
boundaries and non-stoichiometric surface species, such as Te-rich surfaces in Cd(Zn)Te
radiation detectors [41]. Defect species created at the crystal surface lead to a reduction in
surface resistivity compared to that of the bulk material [42], as it results in a current through
this conductive surface that can constitute a large fraction of the total leakage current in the
device [43].
The energy levels in the band gap created by the surface or crystal defects in the material, act
as generation-recombination centres that decrease the generation lifetime of charge carriers
[43], increasing their recombination rate. They are also responsible for altering the motion
of charge in the semiconductor and the bending of the applied electric field which affects
the CCE [42, 44] and increases leakage current.
The increase of leakage current alters the electric field distribution near the contacts degrad-
ing the CCE [45], which can significantly reduce the energy resolution of the device. The
leakage current also influences the true bias value applied to the detector, since it can create
a drop across any series resistor in the bias network and thus reduce the value of the applied
voltage compared to the supplied voltage [27].
In small detectors the use of closely spaced electrodes, large bias voltages and sensitive elec-
tronics mean that producing detectors with low leakage currents, particularly at the surface,
is essential.
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2.6 Large Area Cd(Zn)Te pixelated sensors
Many modern radiation imaging applications require detectors with excellent energy and
spatial resolution while maintaining large active areas. High-Z compound semiconductors,
such as pixelated Cd(Zn)Te, meet many of these criteria but, due to limitations in the size of
the readout electronics and difficulties in crystal growth beyond lengths of 100 mm, there is
currently a lack of large area detectors.
The ASICs form an essential part of pixelated radiation detectors. Figure 2.9 a) illustrates a
common small pixel detector arrangement, known as a hybrid detector, made of a pixelated
sensor with a guard band bump-bonded to an ASIC. Wire bonds are commonly used to con-
nect the ASIC periphery to a more practical Printed Circuit Board (PCB) substrate.
Figure 2.9 The road to large panel detectors: a) Conventional detector assembly; b) Possible large panel
detector with current detector assembly; c) Detector assembly to minimise gaps when tiling detector modules.
The fabrication of ASICs is limited to the reticle size used in the foundry of approximately
2 x 2 cm2. As a result, large area pixelated Cd(Zn)Te detectors can only be produced by
tiling several modules together. Using the conventional wire bond to connect the ASIC to
the PCB, the tiling of detector modules in close proximity can only be achieved in a 2 x N
configuration (Figure 2.9 b)) or tiled at an angle (roof-tiled array, see Figure 1.3 a)).
2.6.1 The use of guard bands
The presence of a guard band at the detector edges has a negative effect on its imaging
capabilities, as it creates dead areas that are insensitive to radiation leading to missing infor-
mation. Attempts to reconstruct the missing information using post-processing can result
in imaging artefacts, particularly given the large physical dimensions of conventional guard
band structures. The guard bands must be removed to generate a negligible insensitive area
between modules when they are tiled together, thereby creating an active-edge detector.
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Active-edge sensors are characterised by the lack of guard bands and the fact that they are
active, i.e. sensitive to radiation, ideally up to the edge of the detector. Active-edge sensors
and the use of Through Silicon Via (TSV) on the readout ASIC are then necessary to suc-
cessfully build large panel pixelated Cd(Zn)Te with minimum gaps between tiled modules
(Figure 2.9 c)).
The lack of a guard band in this detector arrangement means that active-edge detectors are
particularly sensitive to defects produced at the crystal edge.1 The edges of a crystal are
usually characterised by a larger concentration of crystallographic defects due to a rough
cut with a dicing blade or wire saw from the grown wafer. These defects create edge effects
characterised by surface currents that flow around the corners and edges of the detector and
increased charge generation [45], that can cause premature reverse breakdown in Schottky
diodes as well as excess currents at lower voltages [46]. This limitation has been known
since the first use of semiconductor materials as radiation detectors which led to the intro-
duction of a guard band since then.
The first use of a guard band in semiconductor radiation detectors dates back to 1961, when
Fred S Goulding and William L Hansen proposed its use in a p-n junction radiation detector
[47]. They found that the method of manufacture of semiconductor radiation detectors was
poorly controlled and the performance of detectors was heavily affected by their environ-
ment, particularly on surface contamination. They employed a guard band structure in a
p-type silicon detector to decrease surface leakage current but also found that surface treat-
ments would have to be applied to further decrease surface leakage current [47]. Ever since
the discovery of the significance of the crystal edges, guard bands have been used to reduce
their effects despite advances in crystal growth and detector fabrication. There are currently
many radiation detectors that use large area pixelated sensors with multiple ASICs in order
to reduce the impact of guard bands in the imaging performance of the detector [48, 49].
2.6.2 Active-edge radiation detectors
Several new methods have been tested to reduce edge effects without the use of a guard
band. Over the last decade, a number of prominent groups [50–54] have started to inves-
tigate the use of active-edge detectors with the aim of producing large flat panel detectors.
This work has been done predominantly in silicon radiation detectors where the growth and
fabrication technology is more mature. Current terminating rings, new dicing techniques
and active-edges, where the edges of the crystals are doped, have been used in silicon de-
1The lateral faces of the detector, i.e. the non-metallised faces, are referred to as the edge for simplicity
throughout this thesis.
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tectors to mitigate edge effects [50–54]. With this understanding and knowledge, a 14.3 cm
x 14.3 cm pixelated silicon detector (WidePIX) has been recently built using active-edge
silicon with negligible gaps between tiled modules [55].
In Cd(Zn)Te, little work has been done to explore and understand edge effects. Mardor et
al. [56] first studied edge effects in CdZnTe in 2001 and concluded that the edge and the
corner pixels produced inferior spectral performance due to their theoretically calculated
weighting potential shape, which increases electron trapping in the edge and corner pixels.
The authors have shown experimentally that the spectral performance of the edge and corner
pixels is more comparable to that of a pad contact when the bias voltage is decreased. They
attribute this to an increase in electron trapping that occurs in the whole detector volume.
Their model suggests smaller pixels near the crystal edges would produce uniform spectra
across the entire detector area [56]. Simulations produced by Shor et al. [57] suggest that
the edge effects in CdZnTe occur due to the concentration of the electric field lines within
the detector as a result of the change of the dielectric constant at the detector edges. They
have proved theoretically and experimentally that a detector surrounded by other detectors
in close proximity will no longer suffer from edge effects as there is a continuity of the
electric field lines [57], but these results were not reproduced in a recent work conducted by
M. Bosma [58]. Further work on edge effects in CdTe has been done by Bosma et al. [45]
where the authors show increased charge trapping at the crystal edges.
The first attempt to reduce edge effects was conducted by Crocco et al. [59] with the rea-
soning that, if a lot of effort is made to reduce the mechanical deformation of the surface
and destruction of the lattice periodicity in the top and bottom surfaces of CdZnTe, then
so this should be applied to the crystal edges. They reason that the damage at the crystal
edges introduces dislocations in the material which provide a larger volume of paths for the
surface leakage current to pass between anode and cathode, creating a "short circuit", and
therefore degrade the radiation signal in the detector [59]. These authors conclude that edge
polishing in CdZnTe results in reduced leakage currents. They attribute this to the intro-
duction of surface traps during polishing that provide radiative recombination centres for
surface travelling electrons [59], which gives a high resistivity to the edge.
The understanding of edge effects in active-edge Cd(Zn)Te, its origins and consequences
for spectroscopic imaging is incomplete. Further work on the characterisation of the edge
surface leakage currents, edge surface processing and their influence in the performance of
edge pixels in Cd(Zn)Te needs to be conducted so that active-edge sensors can be produced
with edge pixels with excellent characteristics for X-ray imaging.
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X-ray imaging requires radiation detectors that have high stopping power for X-ray energies
up to 200 keV, high spatial and energy resolution with ideally large areas and are able to
operate at room temperature. Pixelated Cd(Zn)Te fulfils most of these requirements but,
as with other semiconductor detectors, is only available in small volumes due to growth
complications and due to the reticle size used in the ASIC foundry. Active-edge detectors,
alongside TSVs, are necessary to create large panel Cd(Zn)Te detectors with minimal gaps
between tiled modules.
The following chapters explore the performance of active-edge pixelated CdTe radiation
detectors to characterise and minimise edge effects.
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Chapter 3
Experimental Methodology
3.1 Introduction
The investigation of edge effects in pixelated CdTe X-ray imaging radiation detectors in-
volves detector characterisation, device simulation and surface processing and analysis of
Cd(Zn)Te pixelated detectors. This chapter presents the general experimental and simula-
tion methods that support the results of the chapters that follow.
3.2 The HEXITEC detector
The High Energy X-ray Imaging TEChnology (HEXITEC) detector (see Figure 3.1) was
developed in 2006 from a collaborative project between the Science and Technology Fa-
cilities Council (STFC) Rutherford Appleton Laboratory and the Universities of Durham,
Manchester and Surrey. Funded by the Engineering and Physical Sciences Research Coun-
cil (EPSRC) and the STFC, the project aimed to develop a new range of detectors based on
Cd(Zn)Te with high energy resolution for X-ray imaging applications in medicine, national
security, space and materials characterisation [5, 7–9].
The initial HEXITEC ASIC prototype was a 20 x 20 pixel readout chip that evolved to a
80 x 80 pixel array, surrounded by a 200 µm guard band. This is the version currently in
use. Each pixel has dimensions of 250 µm x 250 µm and contains the pixel circuitry shown
in Figure 3.2. The charge sensitive pre-amplifier measures the charge induced in the pixel
and converts it into a voltage pulse. Each pre-amplifier has a feedback circuit to compensate
for leakage currents up to 250 pA per pixel. It has a noise performance of 20 electrons rms
noise at 5pA leakage current after filtering.
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Figure 3.1 The HEXITEC system (a) and a CdTe radiation detector bonded to an HEXITEC ASIC (b). From
[60] and [61], © 2012 IEEE.
The voltage pulse is shaped by a CR-RC 1 µs shaping amplifier and filtered with a second-
order low pass filter which filters noises above 1 MHz. Combined, they have a peaking time
of 2 µs and a decay time of 20 µs (Figure 3.2). The pulse shaping improves the signal-to-
noise ratio in order to increase the pulse height that contains information on the energy of
the signal [63].
Figure 3.2 Diagram of the individual pixel circuitry of the HEXITEC ASIC. From [62],© 2009 IEEE.
The data sampling is done through a peak hold circuit that holds the resulting pulse for over
500 µs to 12 bits. A sample filter output is used before and after the peak hold sample to
detect and eliminate any erroneous pulses. The frame is then read by a rolling row readout.
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In this process, there are four parallel outputs where the resulting pulse from each pixel is
multiplexed out of the ASIC at approximately 10 kHz (see Figure 3.3). This data is sent
to a 20 MHz 14bit analogue-to-digital converter (ADC). It is then collated by an FPGA,
where the dark level voltage offset value per pixel is subtracted, and stored in the local
Random-Access Memory (RAM) until the data are transferred to a PC via a full Camer-
aLink connection [11, 60, 62, 64].
Figure 3.3 Block diagram of the top level of the ASIC. From [62],© 2009 IEEE.
A Peltier cooling system and a dehumidifier are used to control the temperature and humid-
ity in the detector box. Each pixel is gold-stud bonded and the ASIC flip-chip-bonded with
low temperature silver loaded epoxy dots to the detector sensor.
The ASIC characteristics give HEXITEC the capability to measure the energy and position
of each single photon that interacts with the sensor. This enables the HEXITEC detector
to achieve the two essential requirements for X-ray imaging: spatial resolution and mea-
surement the energy of each incoming photon. All of the radiation characterisation mea-
surements of active-edge CdTe detectors in this thesis were carried out using the HEXITEC
ASIC.
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3.2.1 IV measurements with HEXITEC
A current-voltage (IV) measurement is the first test a Cd(Zn)Te sensor undergoes once
bonded to the HEXITEC ASIC. The IV measurement is the standard method to quantify
the electrical conduction in semiconductors, that influences the spectroscopic performance
of the material, and it consists of applying a voltage to the sensor and measuring the corre-
sponding current.
The voltage and current in HEXITEC are supplied to and read from the planar cathode elec-
trode, through a Keithley 2410 source-meter. A typical IV measurement in Cd(Zn)Te is
carried out in steps of - 50 V, until the measurement ends when the current is no longer sta-
ble and increases steadily over a time interval of 180 s. A maximum current limit of - 1 µA
is set on the Keithley 2410 to protect the HEXITEC detector.
Figure 3.4 a) shows the results of current measurements taken over 180 s in the voltage range
- 250 V to - 450 V for a standard HEXITEC CdTe detector. Measurements show that the
current is stable below - 400 V but, above this, the response becomes unstable and rapidly
hits the 1 µA current limit. The average and standard deviation of the leakage currents were
calculated at each voltage point to plot the current density vs. field strength plot (IdE) seen
in Figure 3.4 b). The leakage current was calculated with respect to its area (∼ 4 cm2) and
the bias voltage to the detector thickness (1 mm) to plot the IdE graph of Figure 3.4 b). The
instability of the current at high bias is seen at voltages above - 400 V.
Figure 3.4 IV of a CdTe radiation detector over time (a) and current density vs. field strength (IdE) plot for
the same detector (b).
The operating bias voltage of a CdTe radiation detector is defined as the voltage over which
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the detector leakage current is stable within 1.5 nA/cm2, over a 180 s acquisition, and is
typically - 300 V to - 500 V in 1 mm CdTe. This ensures that changes in the leakage
current are small and do not affect the detector spectroscopy, whilst ensuring the electric
field strength is sufficient for the charge transport of the generated carriers. In the case of
the sensor with the IV curve of Figure 3.4 b), the operating bias was set to - 3500 V/cm.
3.2.2 X-ray imaging with HEXITEC
Charge sharing corrections
The small pixel size in HEXITEC (250 µm) compared to the detector thickness (1 mm) of
CdTe results in charge sharing between pixels. This occurs when the diffusion of the charge
cloud is significant compared to the size of the pixel, which increases the probability of
the charge being shared between two or more pixels [65–67]. Charge sharing results in the
"loss" of the "true" energy of the event detected in one pixel which can contribute to a reduc-
tion in energy resolution of the detector. Several methods have been developed to correct
for these events. The MEDIPIX3 ASIC [68] has an operating readout mode referred to as
"Charge Summing Mode" which corrects for charge sharing [32]. Other detectors, such as
the HEXITEC ASIC, correct for charge sharing post-processing with the use of algorithms
that identify and correct for the sharing of charge between pixels.
The HEXITEC collaboration has developed two algorithms to correct for charge shared
events, denominated charge sharing discrimination (CSD) and charge sharing addition (CSA).
An event is deemed as charge shared if the energy of two or more neighbouring pixels is
above a set energy threshold (usually of 1.5 keV to 3 keV). The CSD algorithm removes
these events from the spectra whereas the CSA adds the energy of these events together
to reconstruct the original event energy [31, 64]. The use of the CSD algorithm improves
the energy resolution of the CdTe detector whereas the CSA algorithm improves its spatial
resolution [31]. Further details on algorithms for charge sharing corrections in HEXITEC
and its implications in X-ray imaging can be found in [31].
Spectroscopy with HEXITEC
A spectrum of the total number of photons incident in a pixel volume and their correspond-
ing energy is produced by each pixel in HEXITEC.
The total number of counts acquired with an Acrorad Ltd CdTe sensor bonded to the HEX-
ITEC ASIC, when illuminated with a 180 MBq Americium-241 (241Am) sealed source, is
seen in Figure 3.5.
35
3.2 The HEXITEC detector
Figure 3.5 Total number of counts of an 241Am flood illumination of the HEXITEC detector.
The flood illumination with the 241Am sealed source is uniform and this detector presents
excellent pixel yield with > 99 % of the pixels recording events. The initial spectrum pro-
duced by HEXITEC is uncalibrated. The output of the HEXITEC ASIC is in ADU units
which are proportional to the voltage output of the peak hold circuit. Calibration is the pro-
cess through which the ADU units are converted to energy. It is performed using the known
source-peaks in the spectrum, in this case the 13.95 keV, 17.70 keV and 59.54 keV of the
241Am source. A linear regression is executed in calibration and each channel number is
allocated to a photon energy [69].
An example of a single pixel spectrum is shown in Figure 3.6 a). At room temperature, the
HEXITEC detector is able to achieve a single pixel energy resolution of 0.8 keV for the
59.54 keV 241Am photopeak [64]. The table in Figure 3.6 b) describes the origin of the
emission lines present in the 241Am spectrum and their corresponding energy.
241Am decays 100 % by α emission to Neptunium-237 (237Np), which is mainly accompa-
nied by a γ transition of 59.54 keV (∼ 85 %) [70]. This γ transition is the main photopeak of
241Am in the spectrum. Other common lines present in the spectrum are X-ray florescence
photons of the Np nuclei.
Escape peaks are created when an interacting photon causes emission of characteristic X-
rays of the sensor material that escape the sensor (or the pixel) where the interaction oc-
curred. This generates a charge cloud that is equivalent to a photon energy of E = Eγ -
Echaracteristic. The probability of escape peaks being observed in the spectrum is dependent
on the pixel pitch and is increased with the density and atomic number of the material. It is
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Figure 3.6 241Am spectrum of a single pixel of the HEXITEC detector (a) and energy and origin of its peaks
(b).
also related to the position of the interaction in the detector, since there is a significant prob-
ability that the florescence photon escapes the detector volume for interactions that occur
close to the surface.
3.3 Micro-beam experiments at the Diamond Light Source
3.3.1 The Diamond Light Source synchrotron
A synchrotron light source is a particle accelerator that accelerates electrons to produce
electromagnetic radiation, that can be used for scientific and technical purposes in biology,
materials science and medicine, for example.
Free electrons are produced at the electron gun and injected into a linear accelerator (linac)
where they are accelerated up to 99.9 % of the speed of light [71]. These fast electrons are
then fed into the booster ring which forces the electrons to travel in a circle through the use
of magnetic fields [71]. The booster ring allows the increase of the energy of the electron
stream to 3 GeV in the Diamond Light Source synchrotron [72]. The electron stream is
subsequently sent into the storage ring where it can be kept there for many hours at 3 GeV.
The storage ring is kept under vacuum and is made of a tetracontakaioctagon comprised of
48 straight sections angled together with 48 bending magnets that steer the electrons around
the storage ring [72].
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Synchrotron light is produced when the electrons lose their energy as they are bent by the
magnets and this light is channelled into the beam-lines (Figure 3.7 a)). The light is filtered
and focused in an optical hutch of the beam-line, according to the experimental require-
ments.
Figure 3.7 Top view of the inside of the Diamond Light Source synchrotron (a) and B16 experimental beam-
line with the HEXITEC setup (b).
All of the experimental work at Diamond Light Source, developed in the following chap-
ters, was conducted at the B16 test beam-line (Figure 3.7 b)), that is under the "Materials
Village". The B16 beam-line is a versatile and flexible beam-line to test new developments
in optics and detector technology [73]. It can be operated between 4 - 45 keV photon energy
range and provides both white and monochromatic X-rays [73].
3.3.2 Micro-beam experiments
A monochromatic X-ray beam was produced at the Diamond Light Source synchrotron with
a photon flux of 1 x 1011 photons s−1 cm−2 and beam energies of 10 keV, 15 keV and 20
keV. These energies are selected from the broad synchrotron spectrum by a monochromator,
which is an optical device that consists of one or more slits. The diffraction from a double-
curved crystal (DCC) monochromator gives rise, according to Bragg’s law (see sub-section
3.5.4), to the 3rd and 4th beam harmonics of the primary beam. The 2nd beam harmonic is
forbidden to satisfy the Bragg equation for the monochromator diffraction planes.
The spectroscopic capabilities of HEXITEC allow the simultaneous use of the primary beam
and its harmonics to study the detector performance at different depths of interaction in
CdTe. An essential concept to calculate the depth of the X-ray interaction in the CdTe ma-
terial is the mean free path. It is defined as the average path length a photon will travel
38
3.4 TCAD simulations
between collisions. A material with thickness of the mean free path will attenuate (1-1/e) of
the photons, which is equivalent to ∼ 63% of the interacting photons [13] (see sub-section
2.2.3). The energies of primary beams and their harmonics used in the experiments con-
ducted in this thesis are presented in Table 3.1, alongside their mass attenuation coefficient
and associated mean free path in CdTe. These values were retrieved from the database of
the X-ray mass attenuation coefficients from the National Institute of Standards and Tech-
nology (NIST) [2].
Table 3.1 Energy, mass attenuation coefficient and mean free path of the primary beams and harmonics used.
The beam was focused to 10 µm x 10 µm or 1000 µm x 10 µm with the use of lead slits.
These focused beams were used to create XY maps of the detector performance by moving
the HEXITEC detector in steps of 25 µm or 50 µm. The data were collected between 20
- 40 seconds at each position, followed by a 10 s bias refresh and settling time whilst the
detector was moved to the following position. The ideal radiation flux in HEXITEC is one
event per pixel every 5 frames to prevent event pile-up and to allow the shaping amplifier
time to recover to baseline in order to reduce next-frame errors.
3.4 TCAD simulations
The Technology Computer Aided Design (TCAD) package is a simulation package de-
veloped by Synopsys for the semiconductor industry. It is a finite-element semiconductor
simulator that allows the modelling of the electrical properties of semiconductor radiation
detectors as well as charge transport.
The simulation of high Z semiconductors in TCAD is composed of several steps, using tools
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such as Sentaurus Structure Editor (SDE), Sentaurus Device (Sdevice) and Sentaurus Visual
(Svisual). A script is written in the Scheme programming language for each of these tools
and is integrated in Sentaurus Work Bench (SWB) - TCAD’s graphical user interface (GUI).
The simulation process is presented in Figure 3.8.
Figure 3.8 Scheme of TCAD tools and processes
Structures are created or edited using a GUI or scripts in SDE. The device geometry is
generated by using geometric operations such as 2D or 3D primitives (rectangles, cuboids,
etc.), filleting and edge blending. The electrodes in the model are defined by 2D or 3D con-
tacts. SDE allows the addition of doping profiles to the model and the definition of emulated
processes such as patterning, implantation and substrate generation. These have not been
tailored for the simulation of Cd(Zn)Te and thus are not described.
The device structure is modelled using a finite element discretisation that involves four steps:
discretising the solution region into a finite number of subregions or elements; deriving gov-
erning equations for a typical element; assembling all elements in the solution region and
solving the system of equations obtained [74].
A 2D or 3D mesh of nodes is created in the device which may have an irregular shape.
The volume between the nodes is fragmented into several elements in finite element dis-
cretisation. The semiconductor equations are approximately defined for each node during
simulation. The three main variables for simulation are the electron and hole concentrations
and the electrostatic potential. These are applied through each element by linear interpola-
tion of the values of the neighbouring nodes [74].
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The mesh in SDE is usually defined for the whole device structure but local refinement ar-
eas can also be set. It works with polyhedral boundaries near the device boundaries that are
approximated using the tessellation process. This process approximates all boundaries by a
sequence of straight line segments (in 2D) or by patches of flat triangles (in 3D) [26].
The semiconductor physics is incorporated in Sdevice and robust numerical methods are
used to compute the solution to semiconductor equations. The primary focus of these is to
describe the dynamic and static behaviour of charge carriers in semiconductors under the in-
fluence of electrical fields [25]. The motion of charge carriers is treated to be semi-classical
and thus the transport of electrons and holes in semiconductors can be derived from the
Boltzmann Transport Equations. These equations are described in the previous chapter and
are incorporated in TCAD by the Drift-Diffusion model.
3.4.1 Boundary conditions in TCAD
Boundary conditions in TCAD are important when simulating edge effects. They are based
on the equations that define the electrostatic potential, the carriers transport and temperature.
The solutions for the semiconductor equations require boundary conditions for contacts and
other borders [75]. Charge neutrality and equilibrium are assumed at Ohmic contacts. The
following equation for the potential is adopted with Schottky contacts:
φ = φF −φB+ kTq ln
(
Nc
ni
)
(3.1)
where φF is the Fermi potential at the contact that is equal to the applied voltage, φB is the
barrier height given by the difference between the contact work function and the electron
affinity of the semiconductor, q the electric charge, Nc is the effective density of states
function in the conduction band and ni the intrinsic carrier density.
The current densities at the boundaries are expressed as:
Jn.n = qvn(n−nBo ) (3.2)
Jp.p =−qvp(p− pBo ) (3.3)
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where vn and vp are the thermionic emission velocities, n and p the electron and hole carrier
densities and nBo and p
B
o the equilibrium densities given by:
nBo = Ncexp
(−qΦB
kT
)
(3.4)
pBo = Nvexp
(
Eg,e f f +qΦB
kT
)
(3.5)
where Nv is the effective density of states of the valence band and Eg,e f f is the effective
bandgap. The ideal Neumann (or reflective) boundary conditions are adopted as artificial
boundaries to guarantee that the domain under consideration is self contained. These state
that no current flow exists at the interface:
Jn.n = 0 (3.6)
Jp.p = 0 (3.7)
3.4.2 The heavy ion model
The injection of charge carriers in TCAD is achieved by using the Heavy Ion Model where
the interaction coordinates (x,y,z), the mean free path in CdTe, the width of the initial charge
cloud and the total charge deposited are defined. All the simulations presented in the fol-
lowing chapters were aimed at replicating the experimental data obtained at the Diamond
Light Source synchrotron with a monochromatic 10 keV or 20 keV X-ray beam. 10 keV
photons have a mean free path in CdTe of 12.78 µm and deposit 7.22 x 10−4 pC of charge
whereas 20 keV X-rays have a mean free path of 79.73 µm and deposit 1.44 x 10−3 pC.
The initial pair distribution is described by Benoit [76] as:
Rp = AEd
(
1− B
1+CEd
)
(3.8)
where Rp is the initial pair distribution, Ed is the photon energy and A, B and C are material
specific constants. For CdZnTe, and adopted here for CdTe, these are A = 0.95 µm/keV, B =
0.98 and C = 0.003 keV−1. Following this equation, Rp is 0.46 µm for 10 keV and 1.43 µm
for 20 keV in CdTe. The charge collection was conducted during 1 µs, the same integration
time as the HEXITEC detector system.
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3.5.1 IV measurements in a probe station
An IV curve provides a basic and quick measurement of the crystal quality before the detec-
tor material is flip-chip-bonded to the HEXITEC ASIC. These measurements are conducted
at room temperature (∼ 24 ◦C) with a Keithley 6517b pico-ammeter in a light-tight and elec-
trostatically shielded probe station enclosure (see Figure 3.9). The sample is positioned in
a grounded vacuum chuck. A probe needle supplies the bias voltage to the cathode whereas
the current is read with a probe needle that touches the grounded sample holder. The current
is read and averaged over three times at each voltage step.
Figure 3.9 Probe station enclosure for IV measurements at room temperature.
43
3.5 Material and surface analysis techniques
3.5.2 Optical microscopy
Optical microscopy is the oldest and simplest type of microscopy. It makes use of a system
of lenses and visible light to magnify images of a specimen. The light from a lamp is fo-
cused through mirrors and lenses to illuminate the specimen. It is then reflected from the
surface of the specimen into the objective lens which produces a real magnified image. This
image is then magnified as the light passes through an eyepiece lens to produce an image
that is observed by the operator. In a reflected visible light microscope, the light source illu-
minates the specimen from above and the light that is reflected is collected by the objective
lens.
An important feature in optical microscopy, that provides information on the sample mor-
phology, is the contrast. The image contrast arises due to intensity or colour differences
between different features in the specimen or its background. Contrast is produced in the
specimen through the absorption of light, brightness, light scattering, colour variations,
diffraction or birefringence. This provides information on differences in the material com-
position of the specimen as well as its surface topography.
All of the optical images of the following sections were acquired using a Keyence VH-
Z250R reflected visible light microscope with edge illumination.
3.5.3 Light interferometry
White light interferometry is an optical method to produce topographical images of the
specimen under study. It allows the measurement of different topographic parameters, such
as the surface roughness. The schematic of a white light interferometer are shown in Fig-
ure 3.10. A white light source is used to illuminate the reference and specimen surfaces. The
light beam is separated by the beam splitter into reference and measurement light beams.
The measurement beam is reflected/scattered by the surface of the specimen whereas the
reference beam is reflected by the reference mirror.
Interference, i.e. when two waves superpose, occurs when the path lengths of the refer-
ence and measurement beam are nearly matched. A correlogram for each pixel is formed
when the measurement beam path length is scanned relative to the reference beam. Features
with different heights in the specimen generate an interference pattern in the CCD camera
with the light from the flat reference mirror. Therefore, white light interferometry is ideally
suited to profile steps and rough surfaces.
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Figure 3.10 A schematic diagram of a light interferometer. The yellow lines represent the direction of light.
There are many parameters used to describe a surface and to measure its roughness, but one
of the most effective is the arithmetic average of the absolute value of the roughness profile
(Ra). It is given by [77]:
Ra =
1
N
N
∑
i=1
|zi| (3.9)
where N is the number of sample points and zi is the sampled height values. The interferom-
eter used to acquire topographic maps of the samples in the following chapters was a Veeco
Wyko NT9300 white light interferometer with a magnification of 10.2x, where it produces
surface topography maps of dimensions of 640 µm x 480 µm.
3.5.4 X-ray topography
X-rays are ideal to study the crystal structure of semiconductors. They have high pene-
trating power, are non-destructive and are diffracted by crystals since their wavelength is
of the order of the inter-atomic distances in crystals (lattice spacing) [78]. The X-rays are
scattered by the electrons around the different atoms in a crystal, which gives rise to peaks
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of diffracted intensity (Bragg peaks) in precise directions. The relationship between the
angular positions of these Bragg peaks is established in Bragg’s law [78, 79]:
nλ = 2dsinθ (3.10)
with dhkl= a√h2+k2+l2 for a cubic crystal, where a is the spacing between two neighbouring
lattice planes with Miller indices h, k and l, θ is the Bragg angle and λ is the wavelength of
the incident X-rays.
X-ray topography was initially conducted with laboratory X-ray tubes that were mainly
limited by the X-ray characteristic lines of the anode material. Another major disadvan-
tage with traditional X-ray sources is the long exposure time necessary to conduct X-ray
topography measurements [80]. Synchrotron X-ray topography overcomes these limits as
it allows to rapidly and non destructively map defects in large crystals with exposure times
less than one second. It also allows the use of a Bremsstrahlung spectrum (in white beam
X-ray topography) or selected X-ray energies [80].
A preliminary X-ray diffraction (XRD) was conducted on the edges of a CdTe detector to
establish its crystal orientation. This CdTe detector had three edges as diced by Acrorad Ltd
and a fourth edge manually polished with a 0.3 µm alumina slurry for 40 seconds.
The diced edges were too rough to obtain a signal with good signal-to-noise-ratio (SNR)
but the XRD on the polished edge found a strong signal at the (422) crystallographic plane.
The low SNR on the remaining edges restricted the X-ray topography to this (422) polished
edge and its opposite diced edge since both have the same crystal orientation, as they were
grown in the same direction.
The X-ray topography was conducted at the BM05 beam-line at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. In this experiment, 20 keV monochromatic
X-rays were used in a spot size of 5 mm x 30 mm to irradiate the whole sample. The 20 keV
X-rays, at the incident angles used in this experiment, penetrate about 20 µm into the CdTe.
Hence, the crystal structure analysed in here is the crystal structure 20 µm below the CdTe
edge surface. The crystal was positioned on the BM05 setup inclined by an angle towards
the surface normal, according to Figure 3.11.
The theoretical Bragg angle for a (422) cubic face was calculated, according to the Bragg
equation, to be 13.6◦. The CdTe crystal was rotated in 0.00075◦ steps around this theoretical
angle until reflections in the CCD camera were found.
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Figure 3.11 Setup for X-ray topography (a) and schematic diagram of the setup (b).
For the polished edge, X-ray reflections were found between 13.38◦ and 13.80◦ (σ = 0.42◦)
and for the diced edge between 14.96◦ and 15.26◦ (σ = 0.3◦). The reflections found for
the diced edge are higher than the theoretical Bragg angle which suggests the sample was
not positioned flatly on the holder. The topographic image was projected onto film and
corresponds to an integration of all the X-rays diffracted from the crystal surface recorded
when sample was rotated over a range of angles.
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Chapter 4
Performance of an Active-Edge CdTe
Radiation Detector
4.1 Introduction
The traditional design of a pixelated detector includes the use of guard bands to prevent
surface leakage currents interfering with the radiation signal [47]. The removal of the guard
band in silicon detectors, to expand the active area of the sensor, has been investigated in
the last decade with success [51, 54, 55] but little research work on the absence of guard
bands in CdTe has been conducted. An active-edge CdTe detector, where the guard band
has been removed, is explored in this chapter. The edge surface leakage current density
is measured and the characteristics of the active-edge pixelated CdTe detector are investi-
gated through the use of sealed sources, micro-beam measurements and simulated using the
TCAD package.
4.2 Characterisation of CdTe edge surfaces
4.2.1 Edge and bulk leakage current measurements
An essential parameter in the realisation of active-edge detectors is the performance of the
edge surfaces of sensors in terms of surface leakage current. The presence of high surface
leakage currents has been the subject of extensive studies focusing on the effects of lapping,
polishing, etching and passivation [41, 42, 81] on the surfaces where the electrode contacts
are fabricated. These studies have resulted in the successful reduction of the total leakage
current density in semiconductor radiations sensors but little has been done to the edge sur-
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face leakage current density. It is essential, for the development of high quality active-edge
sensors, to understand the source of these edge leakage currents and their effect on the spec-
troscopic performance.
The conventional HEXITEC anode electrode includes a 200 µm wide guard band around
the pixel array which can be used to measure the leakage current subtended by the guard
ring and the crystal edges. The properties of the crystal edges can be investigated by sepa-
rating this current from the total leakage current that is measured at the cathode.
Six Schottky CdTe detectors grown, processed and fabricated by Acrorad Ltd were used to
measure the edge surface leakage current densities. These crystals were diced into individ-
ual die from CdTe wafers using a diamond blade. Acrorad Ltd laps, polishes and etches the
faces of the crystal with a bromide methanol solution [82] but the crystal edges are left as
cut without any additional processing [83].
The current-voltage characteristics of each detector were measured using two Keithley 2410
source meters. One acted as a high voltage supply to the cathode and read the current mea-
sured by this electrode (total leakage current density), whilst the other read the current from
the volume subtended by the guard ring and the crystal edges (edge leakage current density).
Each detector was biased in steps of - 50 V up to - 100 V above their operating bias voltage.
The operating bias voltage is defined as the voltage over which the detector leakage current
is stable within 1.5 nA/cm2. The stability of the current is of importance in spectroscopic
pixelated detectors since the pixel pedestals can be broadened in the presence of an unsta-
ble leakage current, which results in the deterioration of the spectroscopic performance. A
measurement was performed for 150 s at each applied bias and the average leakage current
over this period was calculated. All measurements were made with the temperature of the
detectors kept at 24 ◦C. The variation of the edge and total leakage currents over time for
a detector, whose operating bias is - 350 V, can be seen in Figure 4.1. The edge and bulk
leakage currents remain stable at the operating bias of the detector (- 350 V) throughout the
150 s. At - 400 V, the edge leakage current shows the first signs of a breakdown while the
total leakage current remains stable. The breakdown of the edge and total leakage currents
occurs at - 450 V, 11 seconds after turning the bias voltage on.
To enable a comparison between the edge and bulk currents, each measurement was nor-
malised to its respective area: 4.14 cm2 for the total area, 4.06 cm2 for the bulk array and
0.08 cm2 for the guard band. Figure 4.2 shows the total, edge and bulk leakage current
density for one of the Acrorad detectors (a) and the bulk and edge leakage currents as a
proportion of the total measured leakage current (b). The behaviour of this detector is rep-
resentative of that observed for all samples and its operating bias voltage was established to
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Figure 4.1 Edge and total leakage current variation over time at - 350 V (a), - 400 V (b) and - 450 V (c).
be - 400 V. The bulk leakage current density was calculated as the difference between the
total leakage current density and the edge leakage current density.
Figure 4.2 (a) shows that the edge current density is an order of magnitude higher than
Figure 4.2 IdE plot (a) and normalised bulk and edge leakage currents to the total leakage current (b). Adapted
from [84].
the average current density across the detector (total current density) at all the applied bias
studied. The total leakage current in the sensor increases rapidly above - 450 V, due to a
98 % increase in the edge leakage current density. Above this transition point, the edge
leakage current becomes very unstable, varying by 55 % at high bias voltages, whereas the
bulk current density remains stable. The bulk leakage current is the main contributor to the
total leakage current below the operating bias voltage (Figure 4.2 b)) but above this point
the total leakage current measured is dominated by the edge leakage current. This shows
that the edge leakage current is the major contributor towards the breakdown of the detector
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at high electric field strengths.
One possible model of detector breakdown occurs when, under sufficiently high electric
fields, the electrons achieve enough energy between atom collisions to eject secondary elec-
trons. A self-sustaining charge avalanche can form at even higher electric fields when holes
can also eject secondary electrons [63]. This avalanche occurs linearly in CdTe over time
at very high voltages (> - 450 V, in Figure 4.2). If the applied bias was to be increased, the
leakage current breakdown could cause permanent damage to the sensor [63].
These results indicate that an avalanche breakdown occurs near the edge surface of the CdTe
sensors, due to the presence of a larger number of defects, giving rise to leakage current that
form a large proportion (above 80 %) of the total leakage current drawn by the sensor. The
results from the edge leakage current measurements suggest that, if the edge leakage cur-
rent density is reduced, the operating bias voltage of the sensors could be increased to higher
electric field strengths. This is advantageous in radiation detection due to the faster detector
response at higher field strengths that contribute to a higher charge collection efficiency,
thereby improving spectroscopy.
4.2.2 Morphology and topography of edge surfaces
The origin of the large leakage currents measured at the crystal edges is related to the lack
of processing of the edge surface and handling of the CdTe crystal that can cause damage
to the edges. The edge surfaces of several CdTe sensors, grown and processed by Acrorad
Ltd, were studied using a 20 kV electron beam in a Hitachi S3200N Scanning Electron Mi-
croscope (Figure 4.3).
Figure 4.3 Scanning Electron Microscopy micrographs of CdTe crystal edges.
The micrographs show the presence of chipping, pits and small depressions in the surface,
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probably caused by handling of the crystals or by inclusions near the crystal surface that
have fallen out.
The edge surfaces were further characterised by optical microscopy using a Keyence VH-
Z250R reflected visible light microscope. The optical images of two edge surfaces diced by
Acrorad Ltd with a diamond blade are seen in Figure 4.4.
Figure 4.4 Micrographs of two CdTe crystal edges obtained by optical microscopy. The arrow indicates a
visible line, consequence of the dicing technique.
The CdTe edge surfaces present significant scratching that, in the majority of cases, runs
parallel to the edge surface. There is a distinct line in the edge surface, indicated by an
arrow in Figure 4.4, in the majority of the CdTe edges analysed. The uniformity of the
edges and these lines were further investigated with a Veeco Wyko NT9300 interferometer.
A map of the surface topography of the diced edge surface is shown in Figure 4.5 a) and its
profile in Figure 4.5 b).
The arithmetic average surface roughness (Ra) of this diced edge is 60 nm. Several lines are
observed and indicated in the map of Figure 4.5 a). These are shown in the topography as
step changes in the surface height, that can be up to 300 nm high (Figure 4.5 b)).
The average surface roughness of the diced edge produced by the diamond blade is smooth
compared to the use of a diamond-impregnated wire saw that can produce surfaces with
a Ra of 1.5 µm. The presence of these step changes in the surface height of the diced
edge could be suggestive of stopping and re-starting the diamond blade whilst dicing [83].
These step changes could be evidence of crystalline damage at the surface, which introduce
shallow trap levels in the band gap of the material that lowers the surface resistivity and
hence increase the surface leakage current [13, 41, 42].
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Figure 4.5 Surface topography map (a) and surface profile (b) of a diced CdTe edge surface. The arrows in a)
indicate the location of the steps caused by dicing.
4.3 Active-edge CdTe radiation detector
4.3.1 Electrode design
An active-edge CdTe detector was fabricated by Acrorad and bump-bonded to the HEX-
ITEC ASIC. This active-edge detector is a 20.35 x 20.35 x 1 mm3 Schottky CdTe with a
pixelated aluminium anode made of AlN/Au/Ti/Al and a platinum cathode. The AlN is an
insulating passivation layer that has an opening for bonding; the Au forms the bond pad re-
quired for the silver epoxy bonding process; the Ti forms an adhesion layer whereas the Al
forms the Schottky anode and the Pt the quasi-ohmic cathode. According to Acrorad Ltd,
the detector was diced directly from a CdTe wafer with a diamond blade saw and received
no edge treatments [83].
The conventional 200 µm guard band present in the HEXITEC sensor has been removed
from the design to create the active-edge detector which allows the reduction of the inter-
module gap to the width of one pixel (250 µm) when tiling modules together. The dimen-
sions of the outer pixels were extended from 200 µm x 200 µm to 200 µm x 350 µm to
cover the entire ASIC area so that no large gaps exist between two detectors. As a result,
the corner pixels have dimensions of 350 µm x 350 µm. Figure 4.6 illustrates a partial view
of the corner area of the active-edge CdTe detector design (b) compared to the conventional
HEXITEC sensor design (a).
The edge and corner pixels represent 5 % of the total number of pixels in the CdTe detector.
The inter-pixel gap was kept at 50 µm.
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Figure 4.6 Traditional HEXITEC design with 200 µm guard band (a) and active-edge design with no guard
bands and extended pixels up to the edge (b). The yellow in the figure represents areas with metal and the
black areas with no metal.
The edge pixels were fabricated 50 µm away from the physical edge of the crystal to comply
with the detector fabrication rules of Acrorad.
4.3.2 Spectroscopic performance
The electrical performance of the active-edge CdTe detector was first characterised through
an IV analysis (Figure 4.7) with the temperature of the detector kept at 23 ◦C ± 1 ◦C. The
total leakage current of the detector was measured at the cathode.
Figure 4.7 IdE plot obtained for the active-edge detector at 23 ◦C. Adapted from [84].
The operating bias voltage of the detector was established through the IV curve to be - 400 V.
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The trend of the total leakage current in the active-edge CdTe detector follows that of a typ-
ical CdTe detector. This, as seen in section 4.2, suggests there is a major contribution of the
edge leakage current to the total leakage current at high bias voltages (> 450 V), where the
variation of the leakage current exceeds 95 %.
The active-edge detector was uniformly irradiated with an 241Am sealed source with a ra-
diation flux of approximately 60 photons s−1cm−2. The data were collected for 20 h and a
bias voltage refresh scheme was applied, where the bias is set to 0 V for 10 s every 60 s to
avoid breakdown of the edge leakage current in the CdTe detector.
The data were processed with a charge sharing discrimination algorithm where events dis-
playing charge sharing, above the low energy threshold of 3 - 4 keV, are removed. The
spectra were calibrated using the known energy peaks of 13.95 keV, 17.70 keV and 59.54
keV of the 241Am sealed source. The performance of each pixel was characterised accord-
ing to the number of events present below 10 keV and quantified according to the energy
resolution of their 241Am photopeak (59.54 keV), by calculating the full width at half max-
imum (FWHM) of each pixel spectrum. A typical spectrum for an edge and bulk pixel can
be seen in Figure 4.8, with the calibration pulse obtained for each pixel. The calibration
pulse is input into each pixel with a set voltage and allows the characterisation of the pixel
electronics. These pulses were obtained under the same bias voltage and temperature con-
ditions of the 241Am spectroscopy.
Figure 4.8 241Am spectroscopy of a bulk pixel (a) and an edge pixel (b) acquired with HEXITEC, corrected
with CSD. From [84].
Both spectra show well distinguish Am and Np peaks. The calibration pulses in Figure 4.8
show that the largest contribution of the detector electronics to the FWHM is of approxi-
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mately 0.8 keV. The energy resolution distribution of the 59.54 keV 241Am photopeak for
all edge and bulk pixels can be seen in Figure 4.9.
Figure 4.9 Distribution of the energy resolution at 59.54 keV (FWHM) of the bulk and edge pixels in the
CdTe active-edge sensor.
The average FWHM of the bulk pixels was 1.23 keV and 1.58 keV for edge pixels at 59.54
keV at - 400 V. A standard deviation of 0.36 keV and 0.38 keV was calculated with 95 %
confidence bounds for the bulk and edge pixels, respectively. The wider FWHM of the edge
pixels compared to the bulk pixels was expected due to the wider pixel area. There are a
small number (< 5 %) of pixels with very poor FWHM (> 3 keV) that is likely due to the
presence of crystalline defects in these pixels, such as inclusions. Despite the reduction in
energy resolution of the edge pixels relative to those in the bulk, it should be noted that they
are still capable of distinguishing the closely-spaced Np peaks of the 241Am spectroscopy.
The variation in the spectroscopic performance of the edge pixels was found to be randomly
distributed around the sensor. Figure 4.10 shows representative spectra of the different
types of the edge pixel response. The majority of the edge pixels (60%) have similar spec-
troscopic performance to that of the bulk pixels, with a photopeak FWHM below 2 keV and
well distinguished Np peaks (Figure 4.8 a)). 27% of all edge pixels present the same good
spectroscopic performance as in Figure 4.8 a) but show an increase in the number of counts
below 10 keV, to a maximum height of 100 counts (Figure 4.10 b)). This is indicative of
charge loss and hence of regions with poor charge collection efficiency that diminish the
spectroscopic performance of the detector.
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Figure 4.10 Different type of edge spectra in the active-edge detector. See text for description. From [84].
Therefore, the 241Am characterisation shows that, without the use of guard bands, the CdTe
active-edge detector has excellent spectroscopic performance. The yield of the edge pixels
with excellent characteristics for X-ray imaging is of 87 %, which demonstrates the fea-
sibility of using active-edge CdTe with extended edge pixels to build large panel radiation
detectors for X-ray imaging.
However, the remaining edge pixels present severely degraded spectroscopic performance
with the majority of the events shifted to lower energies, as shown in Figure 4.8 c). Whilst
the performance of this active-edge CdTe radiation detector is encouraging, there are 13 %
of the edge pixels (Figure 4.10 c)) that perform poorly and a total of 34 % of edge pix-
els (Figure 4.10 b) and c)) that could result in poor spectroscopic performance at energies
below 10 keV. These pixels will lead to areas of poor spectroscopic performance at the
boundaries between individual modules in a tiled array. These areas would need further cor-
rection which requires additional computational resources or will be masked and removed
from the image. These situations can be prevented if the degradation of the spectroscopic
performance of 34 % of the edge pixels is fully understood.
4.3.3 Micro-beam mapping
Methodology
A 10 µm x 10 µm micro-beam of mono-energetic 20 keV X-rays was used to characterise
two areas of the detector that were representative of the edge pixel response, with spectra
similar to those seen in Figure 4.8 a) and Figure 4.8 b). The areas selected were a corner
area consisting of 900 µm x 900 µm with five edge pixels and a 600 µm x 1200 µm area
with six edge pixels, located mid-way along the length of the detector.
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They were scanned in steps of 25 µm in x and y with data collected for 20 s at each posi-
tion, followed by a 10 seconds bias refresh and settling time to avoid breakdown of the edge
leakage current in the CdTe detector. A full area scan was completed in 12 h for the corner
area and in 10 h for the second area. The cold finger was kept at 20 ◦C to keep the detector
temperature stable at 27 ◦C ± 2 ◦C and the data were analysed using the CSD algorithm.
The relative efficiency and the charge collection efficiency (CCE) were the two most im-
portant parameters quantified in the data analysis. The relative efficiency is defined as the
ratio of the number photopeak counts relative to the maximum number of photopeak counts
measured in that pixel. The CCE is defined as the ratio of the charge collected by the pixel
relative to the charge created by an individual X-ray interaction, and is quantified in the
spectroscopy by comparing the peak centroid in the spectra to the expected peak energy.
Results micro-beam mapping
A map of the total number of counts in each position is shown in Figure 4.11 for the corner
area as well as the summed spectra for selected pixels. The summed spectra is achieved by
summing the spectroscopy of each position scanned in the pixel area.
Figure 4.11 Total number of counts in a corner area rastered with a monochromatic micro-beam, with corre-
sponding uncalibrated spectra. The physical edge in the map corresponds to the limits of the map (X34 and
Y36). Each step is 25 µm. Data reproduced from [84].
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The results of the micro-beam scan show that pixels a-f have similar dimensions to those of
the physical pixel electrode. Pixels g and h show large inactive areas with a significant drop
in the total number of counts observed, that indicates areas with poor relative efficiency.
The active area of these pixels, defined as the area over which more than 9000 counts are
detected, has been reduced from the expected 200 µm x 350 µm to approximately 200 µm
x 125 µm.
These non-uniformities observed in the photon detection of the corner area are reflected in
the spectroscopic performance of each pixel (Figure 4.11). In pixels where the mapping
measurements showed the expected pixel size relative to the electrode geometry, a well de-
fined mono-energetic peak is observed (Figure 4.11 b) and 4.11 f)). In pixels where a smaller
active area was measured, an increase in the number of counts at low channel numbers is
seen (Figure 4.11 h)). The corner pixel spectrum presents major non-uniformities with a 20
keV peak that is 2.7 times broader than a standard edge pixel (Figure 4.11 i)). These can be
observed when plotting the map of the centroid position of the 20 keV X-ray beam in the
corner area (Figure 4.12).
Figure 4.12 Map of the centroid position, in channel numbers, of the 20 keV X-ray beam in the corner area.
Each step is 25 µm. From [84].
Figure 4.13 shows the map of the total counts measured in the second area, along with the
summed spectrum for a bulk pixel (a) and an edge pixel (b).
An area of reduced relative efficiency and CCE, with an average width of 100 µm, was
observed at the crystal edge. This inactive area at the edge of the pixel generates poor
charge collection that is reflected in the increased number of counts detected below channel
number 50 (Figure 4.13 b)) due to charge loss.
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It is important to understand how the charge generated by the 20 keV X-rays is collected
across the pixel area. Figure 4.14 shows the spectroscopic performance across the width of
a typical edge pixel, with an inactive area of 100 µm and a spectrum as in Figure 4.13 b).
Figure 4.13 Total number of counts in the second mapped area with a 20 keV micro-beam with pixel spec-
troscopy, with a spectrum from a bulk (a) and edge (b) pixel. Each step corresponds to 25 µm. From [84].
Figure 4.14 Sequential micro-beam positions in an active-edge pixel. Position (X16,Y20) is 175 µm from the
physical edge and position (X20,Y20) 75 µm away. Each step is 25 µm. From [84].
The spectrum in position (X16,Y20) is representative of the beam spectrum for all positions
in the pixel considered as active positions in terms of relative efficiency. As the beam
moves towards the edge of the crystal, the measured energy of the events is drastically
and continuously reduced. After position (X17,Y20), the majority of events are measured
with energies below 3 – 4 keV so they fall below the low energy threshold of the detector
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and are not detected. This decrease in the energy of the events indicates charge losses during
the drift of electrons across the CdTe detector, up to 150 µm from the physical edge of the
pixel.
4.3.4 Comparison of micro-beam mapping with 241Am spectroscopy
The data collected at the Diamond Light Source can be correlated to the spectroscopic data
collected using the 241Am sealed source. This aims at understanding the extent of the role
played by the inactive areas in the CdTe active-edge detector.
In pixels that show little or no inactive area, in pixels c) and f) in Figure 4.11 for exam-
ple, the corresponding 241Am spectrum shows well resolved photo-peaks across the energy
range studied (Figure 4.8 a)). This type of spectrum was observed in 60 % of all edge pixels
which suggests all of them are 100 % active.
The edge pixels in Figure 4.13, with an inactive region up to 100 µm wide, display a spec-
trum similar to that seen in Figure 4.10 b), with several events detected below 10 keV. This
suggests that pixels with inactive areas up to a third of their physical area are still capable
of producing spectroscopy that allows calibration and spectroscopic X-ray imaging.
The micro-beam spectrum of the pixels with large inactive areas (pixel g) and h) in Fig-
ure 4.11) is seen in Figure 4.15 a) and is comparable to their 241Am spectrum (b), in that in
both spectra a large number of events are shifted to energies lower than the peak energy.
Figure 4.15 Comparison between a 20 keV mono-energetic beam spectrum (a) and 241Am spectroscopy of an
active-edge pixel with large inactive areas (b). From [84].
These pixels represent only 7 % of all the edge pixels and are a minority in the active-edge
CdTe radiation detector. This comparison between the spectroscopy acquired with 241Am
and the micro-beam suggests that 13 % of the edge pixels suffer from major edge effects.
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There is also a significant number of pixels (27 %) whose active-area and spectroscopic
performance are affected to a lesser degree.
4.3.5 Bias voltage effect
A micro-beam line scan at several bias voltages (- 200 V, - 300 V, - 350 V and - 400 V) was
conducted across several bulk pixels and an edge pixel with a spectroscopic performance
similar to that in Figure 4.10 b), that represents 27 % of all edge pixels in the CdTe detec-
tor. Figure 4.16 shows the number of counts in the 20 keV photopeak obtained during the
line scan at different bias voltages (a) and the relationship between the bias voltage and the
active width of the edge pixel (b), defined as the region with the same number of photopeak
counts as the inner neighbouring pixels.
Figure 4.16 Bias effect on the photopeak counts during a micro-beam line scan (left) and active pixel width
vs reserve applied bias (right). From [84].
The response of the bulk pixels was unchanged at different bias voltages whilst the number
of counts observed in the photopeak of the edge pixel showed significant spatial variations.
The active area of the edge pixel is smaller at higher bias, both in terms of the number of
counts in the photopeak and the number of total counts detected. The active width of the
edge pixel is reduced from 300 µm at - 200 V to 150 µm at - 400 V, in terms of the total
number of counts. It is decreased by 225 µm between - 200 V and - 400 V in terms of
photopeak counts.
The reduction of the active area of the edge pixel at higher bias is consistent with a "collapse"
of the electric field at the edge of the CdTe detector. This collapse is responsible for the poor
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spectroscopic performance of 13 % of the edge pixels, which directly affects their energy
resolution. The average FWHM of edge pixels at 59.54 keV is 1.5 ± 0.4 keV at - 200 V
and 1.6 ± 0.4 keV at - 400 V, whereas the energy resolution of the bulk pixels remains
unchanged within 0.3 keV between - 200 V and - 400 V.
No physical damage in the CdTe surfaces can be correlated to the spectroscopic performance
or the micro-beam experiments, but there are several other causes that could result in the
collapse of the electric field near the physical edge of the CdTe detector.
The non-uniformity of the electric field in CdTe and CdZnTe has been reported by several
authors [37, 85–89]. Some authors have reported a bending of the electric field in CdTe
away from the edge [89] that results in a path shift of the charge carriers, affecting the CCE
near the detector edges. This focusing electric field would cause charge to drift towards
the inner pixels or inner positions of the edge pixel, which would result in a rise of the
number of counts in those positions. This is not the case since, as depicted in Figure 4.16,
the number of counts across the edge pixel is very similar to that on the bulk pixels. Other
authors have also reported that the build-up of space charge, that occurs when using blocking
contacts, causes local non-uniformity of the electric field in CdTe [88, 89]. The ionisation of
deep levels in CdTe, associated with native Cd vacancies, causes electron trapping and hole
emission that creates a negative space charge which accumulates near the anode [86, 88, 89].
However, since the negative space charge is seen to reduce with increased bias voltages [88],
it does not explain the reduction in active area at higher bias voltages.
The loss of the relative efficiency near the physical pixel edge must be due to recombination
of the charge carriers or to a long de-trapping time (longer than the shaping time (1 µs)),
that makes it impossible for the charge carriers to reach the pixel. During the active-edge
CdTe fabrication, the area beneath the contacts was lapped, polished and chemically treated
to minimise the surface leakage current on the two contact faces. The CdTe detectors are
directly diced from CdTe wafers and do not receive any special chemical or mechanical
processing of the crystal cut faces. Wafer dicing introduces a large number of crystalline
defects that change the surface conductivity which determines the electrostatic potential
distribution on the crystal surface [89]. The change of the surface conductivity creates
leakage current paths [41] that affect the local uniformity of the electric field at the edge of
the crystal, which degrades the CCE of those pixels [44].
In this active-edge CdTe radiation detector, the leakage current tripled from 9 nA at - 200 V
to 35 nA at - 400 V. The inactive areas observed in 34 % of all edge pixels at - 400 V
are then related to this localised excess surface leakage current that, as seen on the edge
leakage current density measurements, can be several orders of magnitude higher than the
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bulk (sub-section 4.2.1).
4.3.6 Simulation of edge effects
It is difficult to find a method to experimentally measure and understand the consequences
of the low edge resistivity, created by dicing or edge processing, on the electric field near
the crystal edge. A TCAD simulation is an attractive method to understand the effect of a
low resistivity surface layer at the edge of a CdTe radiation detector and its effects on the
electric field and charge collection.
CdTe detectors supplied by Acrorad usually have resistivities in the order of 109 Ω.cm.
The default setting for CdTe in TCAD is that of a pure material without doping agents or
impurities, that results in a resistivity of an order magnitude higher than Acrorad CdTe at
6.92 x 1010 Ω.cm.
A 2D TCAD model was created with a low resistivity surface at the edge of the crystal
(Figure 4.17 a)), that changes the edge boundary from its ideal conditions to the Newmann
conditions. This low resistivity surface was implemented by introducing a CdTe layer with
modified resistivity, and it can be used to approximate the effect of electrically active defects
that may be introduced by dicing across the crystal edge.
Figure 4.17 Design of the simulation model with edge layer in red (a) and influence of low resistivity layer
thickness on the electrostatic potential (b).
The resistivity of the edge layer was varied over seven orders of magnitude relative to the
bulk CdTe material used in the simulation. It is estimated that the damage induced by a
dicing blade can penetrate tens of microns into the edge of the material. A simulation study
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was conducted to study the effect of the thickness of a low resistivity layer on the electro-
static potential, when the resistivity of a layer at the edge is varied. The result is shown in
Figure 4.17 b) when the bulk material is biased at - 400 V. The low resistivity edge layer
thickness does not impact the electrostatic potential when its resistivity equals or is above
that of the bulk (1010 Ω.cm). However, when the edge layer resistivity is lower than that
of the bulk, the electrostatic potential drops as the layer thickness is increased. The major
difference is seen for a layer thickness between 5 µm and 15 µm. An intermediate value,
10 µm, was used for all the following models.
It is essential to understand how the electrostatic potential and the charge collection change
with different edge layer resistivities. An inital simulation of the electrostatic potential,
when an edge layer resistivity of 107 Ω.cm and 1010 Ω.cm is present, is shown in Fig-
ure 4.18 a) and b), respectively.
Figure 4.18 Influence of low resistivity layer resistivity on the electrostatic potential (a,b) and charge collection
(c,d). Edge layer resistivity of 107 Ω.cm (a,c) and 1010 Ω.cm (b,d). Adapted from [90] © 2016 IEEE.
The low resistivity edge layer causes bending of the equipotential lines (Figure 4.18 a))
whereas they remain uniform when the edge layer presents the same resistivity as the bulk
(Figure 4.18 b)). The charge transport occurs perpendicularly to the equipotential lines
hence, as a consequence of the low resistivity edge surface, the 20 keV charge carriers de-
posited in the volume above the edge pixel drift towards the neighbouring bulk pixel (Fig-
ure 4.18 c)). The charge deposited in the volume above the edge pixel is fully collected by
it when the resistivity of the edge surface is as high as that of the bulk (Figure 4.18 d)).
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No additional counts have been observed in pixels neighbouring edge pixels in the experi-
mental data, although similar results have been observed experimentally in silicon detectors
[91]. These results show that the introduction of a low resistivity layer at the edge of the
crystal, as an approximation of the effect of diamond blade dicing that introduces large den-
sities of traps, is able to modify the electrostatic potential but does not reproduce the effects
observed experimentally.
Crystal chipping and pits, as seen in Figure 4.3, may result in localised low resistivity ar-
eas at the crystal edges. A second simulation was conducted to observe the effect of these
highly localised areas of low resistivity at different positions between cathode and anode.
A 300 µm long low resistivity layer was created at the edge nearer to the anode, in the mid-
dle of the detector and nearer to the cathode. The resistivity of this layer was changed over
10 orders of magnitude to observe its effect on the charge collection from 20 keV photons
deposited above the middle of the 350 µm edge pixel. The effect of the layer position and
its resistivity on the electrostatic potential and charge transport is shown in Figure 4.19. The
simulated charge collection efficiency is given as the ratio of the charge measured at the
pixel to the initial charge deposited in the device.
The electrostatic potential lines bend when near the low resistivity layer of 107 Ω.cm, inde-
pendently on the position of this layer (Figure 4.19 a), c) and e)). Full charge collection at
the edge pixel is seen when the resistivity is equal or larger than that of the bulk material for
all three positions studied. A layer positioned near the cathode, with resistivities lower than
1010 Ω.cm, results in the charge being collected by the neighbouring pixel (anode 4) instead
of the edge pixel (Figure 4.19 b)). This is consistent with the bending of the electrostatic
lines (Figure 4.19 a)) that direct the charge towards anode 4. The charge is fully collected
by the edge pixel (anode 5) when the layer resistivity increases above 1010 Ω.cm. Similar
effects occur when the low resistivity layer is positioned near the middle of the crystal or
nearer to the edge pixel. The charge is fully collected by the edge pixel at higher resistivities
(> 1010 Ω.cm), but up to 35 % and 15 % charge loss occurs when the layer is positioned in
the middle (Figure 4.19 d)) and nearer to the anode (Figure 4.19 f)), respectively.
This loss of small amounts of charge, particularly when the low resisitivity layer is in the
middle of the CdTe edge, is similar to that seen experimentally, which suggest the exper-
imental loss of charge may be related to localised defects at the edge surface of the CdTe
radiation detectors. Nevertheless, edge defects introduced by dicing, processing or han-
dling are unlikely to be isolated to a few small regions of low resistivity. Dicing introduces
electrically-active traps and chipping, cracks, scratches and pits also contribute to the de-
crease of resistivity at the surface of CdTe.
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Figure 4.19 Influence of low resistivity layer position on the electrostatic potential and charge collection of a
20 keV photon deposited in the middle of the edge pixel, when a low resistivity layer is positioned near the
cathode (a, b), in the middle of the detector (c,d) and nearer to the anode (e,f). The electrostatic potential
is shown in here for a layer resistivity of 107 Ω.cm. The edge pixel is anode 5. Partially adapted from [90]
© 2016 IEEE.
To produce realistic results, any edge simulation must include a model that accounts for
the range of defects that occur at the crystal edge. The experimental results obtained in
the Diamond Light Source experiment suggest that charge loss of 20 % occurs up to 100 -
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200 µm of the physical edge of CdTe and that no charge or insignificant amounts of charge
are collected by the neighbouring bulk pixel. To this end, and to create a simulation model
that recreates the experimental results, the outcomes of Figure 4.19 suggest a layer with
lower resistivity than the others must be present nearer to the middle of the edge. Hence, a
2D model was created with a variable resistivity from 108 Ω.cm to 1010 Ω.cm (Figure 4.20).
Figure 4.20 Geometry of a 2D model with edge layers with different resistivities. From [90] © 2016 IEEE.
The presence of a variable low resistivity layer at the edge creates a potential well above the
edge pixel (Figure 4.21 a)). It also gives rise to the bending of the electrostatic equipotential
lines around the lowest resistivity edge layers (Figure 4.21 b)).
A profile of the electric field across the depth of the detector (Figure 4.22) shows that the
potential has a minimum of 1540 V/cm when it is measured 200 µm away from the crystal
edge compared to 4000 V/cm for a bulk pixel. The electric field strength tends towards that
of the bulk as the distance to the damaged layer increases.
The electric field profile also shows electric field pitches at the top and bottom of the po-
tential well with very high electric field strengths. These regions are those responsible for
avalanche breakdown of the sensor that causes high leakage currents at the surface of the
crystal edge.
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Figure 4.21 Electrostatic potential profile (a) and electric field profile (b) of 2D model with various resistivity
layers. From [90] © 2016 IEEE.
Figure 4.22 Electric field profile across the detector depth near the damaged crystal edge.
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The charge cloud path of a 20 keV photon, that has a mean free path of 80 µm from the
cathode, drifts towards the edge pixel and is fully collected under ideal conditions, as seen
in Figure 4.23 for 2 ns after the moment of interaction (a), 50 ns later (c) and 100 ns later (e).
Figure 4.23 Electron density of a charge cloud created by a 20 keV X-ray as it interacts at the centre of the
edge pixel (a,c,e) and with a variable low resistivity edge layer (b,d,f), after 2 ns after the interaction (a,b), 50
ns later (c,d) and 100 ns later (e,f). Adapted from [90] © 2016 IEEE.
The presence of a variable low resistivity layer at the edge, as depicted in Figure 4.20, that
gives rise to the potential well and the bending of the electrostatic lines, causes the charge
cloud deposited by a 20 keV photon to drift towards the edge layer as seen in Figure 4.23
for 2 ns after the interaction (b), 50 ns later (d) and 100 ns later (f).
The low field strength in this region results in an increase of the recombination rate of the
charge carriers, as the charge drift slows in the low potential region, leading to charge loss.
Figure 4.24 compares the results of the line scan obtained experimentally at - 400 V to a
simulated line scan in the CdTe device with the geometry presented in Figure 4.20.
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Figure 4.24 Experimental and simulated CCE of 20 keV photons in an edge pixel of an active-edge CdTe
radiation detector. From [90] © 2016 IEEE.
Both line scans were obtained by depositing 20 keV X-ray photons, where the majority
(63%) of them interact 80 µm below the surface, in steps of 25 µm from the physical edge
of the crystal. The charge collection efficiency at each position was calculated for the sim-
ulation and for the experimental data. The experimental charge collection is defined as the
ratio of the photopeak centroid measured in an edge pixel position near to the physical edge
to that of a position in the same pixel, but with the same charge collection efficiency as a
bulk pixel (100% CCE). The simulated measurements are consistent with those observed
experimentally with a monochromatic micro-beam where reductions in charge collection
efficiency were observed close to the physical edge of the crystal. In both, there is a loss of
CCE up to 175 µm from the physical edge.
The simulation with the low resistivity layers was also conducted at lower bias voltages of
- 200 V and - 300 V but it only resulted in the decrease of the electric field strength. It did
not replicate the experimental bias voltage effect on the CCE and relative efficiency, where
both increase at lower bias voltages (Figure 4.16). This could be due to trap dynamics at
different energy levels and to a high density of trap states that are not simulated in here but
could also account for the 5% difference between the experimental and simulated data up to
150 µm from the edge in Figure 4.24.
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4.4 Conclusion
The processing of Cd(Zn)Te thus far has been limited to the top and bottom faces of the
crystals to reduce leakage currents and improve the performance of the sensors. The cur-
rent CdTe technology dices the CdTe crystals from a wafer with a diamond blade and no
further processing is done at the edge surfaces. The leakage current from the edge surfaces
contributes significantly to the total leakage current of the detector at high bias voltages and
has been found to be crucial in the breakdown of the sensors at these voltages.
An active-edge CdTe radiation sensor fabricated by Acrorad with edge pixels extended to
the physical edge of the crystal has been characterised and tested. 87 % of all edge pix-
els present excellent spectroscopy and good charge collection efficiency, suggesting that
active-edge CdTe detectors fabricated using existing techniques are very nearly suitable for
the production of large panel radiation detectors. However, non-uniformities in the charge
collection efficiency were observed in 34 % of the edge pixels. These pixels were mapped
with a micro-beam that showed areas with poor charge collection up to 200 µm from the
edge.
A TCAD CdTe model with a low resistivity surface at the edge of the detector showed that
it causes a potential well and bending of the potential lines near the edge. Charge is lost in
this region as a consequence and a simulated line scan presents the same charge collection
pattern as the experimental line scan. The TCAD simulation suggests that the poor perfor-
mance of the edge pixels may be consistent with the presence of a potential well, that may
be due to the presence of a low resistivity layer caused by the introduction of shallow defect
levels during dicing. The removal of this low resistivity layer, through edge processing, on
the edge surfaces of CdTe radiation detectors is an important step to produce active-edge
detectors with 100 % edge pixels with excellent spectroscopic performance.
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Chapter 5
Edge Surface Processing of Cd(Zn)Te
5.1 Introduction
As shown in the previous chapter, active-edge CdTe radiation detectors, diced individually
by Acrorad Ltd. from a CdTe wafer with a diamond blade, produce 60 % of edge pixels
with sensitivity that extends to within 50 µm of the edge of the CdTe crystal. The remaining
pixels present non-uniformities due to localised high surface leakage current densities, that
have the potential to be minimised with edge surface processing.
The surfaces of the Cd(Zn)Te crystals, other than the lateral surfaces, have been mechan-
ically lapped and polished to ensure high quality metal contacts are deposited uniformly
across the crystal surfaces [33–35, 92, 93]. Very little work has been done with the lat-
eral edges of Cd(Zn)Te. A. Rybka et al. [94] have shown that passivation, a chemical
treatment that creates a passivating film on the surface with sulphides or oxides, results in
increased edge surface resistivity that allows higher field strengths to be applied across the
CdZnTe sensor, whereas J. Crocco et al. [59] have shown that mechanical processing of
edge surfaces lowers the leakage current and surface roughness and improves the surface
morphology. However, their study has also shown that the surface roughness is not corre-
lated to a decrease of the leakage current at the operating bias of planar CdZnTe detectors.
This chapter explores the effect of manual mechanical processing1 on the lateral surfaces of
Cd(Zn)Te with the aim of reducing the high leakage currents seen at the edge surfaces. This
work is initially developed in thick planar CdZnTe sensors and then applied to the lateral
1A mechanical jig was made to process the edge surfaces of crystals, where the pressure applied is con-
trolled and the samples are held by vacuum. However, when processing, the jig caused significant damage to
the metal contacts or to the surfaces of the top and bottom faces of the crystals. As a consequence, the use of
the edge jig was abandoned and all of the edge processing was done by hand.
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surfaces of 1 mm pixelated CdTe radiation detectors.
5.2 Edge processing in CdZnTe
The processing of the edge surfaces of 1-2 mm CdTe sensors is challenging due to the small
lateral dimensions that constrain the handling of the sensors. The edge processing method
was first developed using 0.7 cm CdZnTe semiconductor radiation detectors, grown and
fabricated by Redlen Technologies, that are easier to handle.
Ten CdZnTe samples of 2 cm x 2 cm x 0.7 cm were fabricated by Redlen Technologies
with planar contacts at the cathode and a pixelated anode. The edges of these samples
were processed by Redlen and encapsulated with a polymer layer used to protect them
from damage or chemical degradation (solder mask) [95]. These CdZnTe samples were
reprocessed to produce planar contacts to study the leakage current generated by the edge
processing.
5.2.1 Sample fabrication
The ten samples were submersed into N-Methyl -2-pyrrolidone (NMP) at 80 ◦C for 10 min
to remove the polymer solder mask at the edges. NMP is a non-volatile solvent that has the
ability to dissolve diverse materials, particularly polymers. After cleaning the samples with
di-ionised (DI) water, they were mounted on a pre-prepared flat glass carrier using melted
quartz wax at 80 ◦C in preparation for processing.
Sample processing
The glass carrier was mounted on the processing jig where it was held in place with a vac-
uum chuck. A Logitech Ltd PM5 lapping/polishing wheel (see Figure 5.1) was used to
process the Redlen samples. A constant pressure of 50 g.cm−2 was applied to the process-
ing jig and, after each processing stage, the crystals and the lapping/polishing wheel were
cleaned with DI water to avoid contamination of particles of different diameters.
The metal contacts were removed by lapping with a 9 µm diameter alumina/DI water slurry
on a flattened glass plate at 15 rpm for 10 min. The use of 9 µm alumina slurry creates
considerable surface damage (see Figure 5.2 b)) that can be detrimental for the detector
performance [96, 97]. Therefore, further processing with successively smaller grades of
alumina slurry must be done to reduce the crystal damage to minimize the effect of the sur-
face layer on the detector performance [34, 94, 96]. The final surface should have a mirror
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finish. After cleaning the crystals, jig and lapping wheel to remove any trace of the 9 µm
alumina slurry, the CdZnTe surface was re-lapped with a 3 µm alumina slurry.
Figure 5.1 Logitech Ltd PM5 whilst polishing crystals.
Figure 5.2 Stages of contact processing: Redlen contacts on six CdZnTe before processing (a), CdZnTe
surfaces after 9 µm lapping (b), after 3 µm lapping and 0.3 µm polishing (c) and after 0.05 µm polishing (d).
The rotating wheel was kept at 25 rpm for 70 minutes, until a uniform smoother surface
was seen for all crystals. The lapping glass plate was replaced by a glass plate with a
polyurethane polishing cloth to polish the crystals with a 0.3 µm alumina slurry for 30 min
at 25 rpm. The pressure applied on the jig was increased during the polishing process to
100 g.cm−2. A mirror finish was achieved but scratches were still visible (Figure 5.2 c)).
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The processing was continued to further smooth this surface with a 0.05 µm alumina at 50
rpm for 30 min. The resulting mirror finish surface without any scratches can be seen in
Figure 5.2 d).
After cleaning this surface, the samples were de-mounted and re-mounted, by melting the
wax at 80 ◦C on a hot plate, with the anode side up to redo the same processing on that side.
Each side of the crystals had a mirror finish and an approximate thickness of 0.6 cm after
processing. The samples were demounted from the glass carriers by immersing the samples
in a bath of non-solvent cleaning fluid (Ecoclear) supplied by Logitech Ltd, with the hot
plate at 50 ◦C for 12 h, to remove the mounting wax, alumina slurry and any CdZnTe debris
left between crystals.
An important stage prior to the contact deposition is the cleaning of the surfaces as a uniform
metal contact is only achieved if the surface is clean and residue-free. The crystals were
individually removed from the Ecoclear bath, and submersed in successive baths in the
following order: DI water, Isopropyl alcohol (IPA), acetone and DI water. The crystals
were loaded into a re-condensing Soxhlet chamber filled with warm IPA that ran for 48 h, as
the final cleaning stage. The Soxhlet chamber permits a cyclic submersion of the crystals in
warm IPA, that ensures the removal of all slurry and residues left from the previous cleaning
solvents so that a residue-free final surface can be achieved.
Contact deposition
The edge surfaces of the processed samples were coated with the negative photo-resist AZ-
9260, that is inert to gold (III) chloride, prior to the deposition of the metal contacts. The
edge coating allows the Redlen Technologies processed edges to be preserved so that they
can act as the "controlled" edges when studying the influence of edge processing with dif-
ferent grades of alumina on one of the edges. The photo-resist was soft-baked for 1h at
80 ◦C so that it could be removed after contact deposition.
The contacts were deposited via the electroless gold method. The processed crystals were
submersed in a dilute gold chloride solution (HAuCl4 in H2O/HCl, in a ratio of 1:25) at
3 ◦C ± 2 ◦C for 3 min, whilst exposed to a direct light source. A detailed description of
the contact deposition process at the STFC Rutherford Appleton Laboratory can be found
in [93].
The samples were cleaned with DI water and dried after the gold deposition. They were then
submersed in NMP for 5 min at 60 ◦C to remove the AZ coating at the edges and cleaned
once more with DI water. They were then annealed at 95 ◦C for 3h to improve the quality
of the gold contacts and enhance their adhesion to the CdZnTe crystal surface [98].
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Crystal dicing
The final samples were 2 cm x 2 cm x 0.6 cm with planar gold contacts and the lateral
surfaces as processed by Redlen Technologies. Four of the samples were damaged during
the processing which caused chipping in the crystals, and were not used for the study of
edge processing. The remaining six samples were diced into 2 cm x 1 cm x 0.6 cm so that
each of the twelve samples had three controlled edges processed by Redlen Technologies
and a diced edge to be used for subsequent processing.
The samples were diced with a Logitech Ltd AWS1 wire saw that has a 200 µm diamond-
impregnated wire. The samples were mounted with wax and an ethylene glycol solution
was used as a lubricant to aid the dicing of the samples into two. Once diced, the samples
were submersed in NMP at 60 ◦C for 12h to remove the wax and washed in DI water.
5.2.2 CdZnTe edge processing
The same processing procedure was applied to each sample to obtain statistics on the indi-
vidual processing techniques. The leakage current (through an IV curve), sample mass and
surface morphology (through optical images and interferometry) were monitored before and
after each process for all samples. The processing and characterisation of the edge surfaces
was done for the three diced edges of each sample in the order presented in the diagram of
Figure 5.3.
All of the edge lapping and polishing was done manually by holding the crystal down with
two hands onto the lapping/polishing wheel. Every effort was made to keep the pressure
uniform along the 2 cm long crystal to minimise chipping and non-uniformities in the pro-
cessing across the width and length of each sample. The time taken and the rotations per
minute for each process were based on experience, acquired during the development of the
manual edge processing, to remove the damage induced by the previous process step and to
create a uniform surface across the 2 cm x 0.6 cm edge.
A Mettler AT400 FACT micro-balance was used to monitor the crystal mass during the pro-
cessing steps, a Veeco Wyko NT9300 interferometer was used to map the surface height
and a Keyence VH-Z250R reflected visible light microscope was employed to acquire the
optical images using edge illumination.
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Figure 5.3 Flow diagram of the edge processing and characterisation conducted for three of the edges in each
of the twelve CdZnTe samples.
5.2.3 Results: CdZnTe edge processing
The aim of the edge processing is to produce defect-free and smooth surfaces that are desir-
able for the operation of Cd(Zn)Te radiation detectors [99], as they present reduced recom-
bination paths [59, 100]. Figure 5.4 shows the optical images of the surface aspect of the
edge surfaces after each processing step.
The wire saw, with the 200 µm diamond-impregnated wire, is customised for the dicing of
ingots into wafers and not ideal to dice individual die. It produces a surface which exhibits
extensive damage, as shown in the optical micrographs of Figure 5.4 a). The dicing lines,
that produce a visible rough surface, are seen from top to bottom perpendicularly to the
dicing direction. They are the result of a change in direction of the wire saw as the wire
reaches an end in the spinning wheel.
The 9 µm alumina slurry was used to remove the damage produced by the dicing. The
result is a smoother and more uniform surface with no dicing marks (Figure 5.4 b)). The
removal of the dicing damage with the 9 µm alumina can cause chipping of the crystal when
sub-surface cracks, that occur as a consequence of dicing, result in fragile material near the
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edges of the surfaces being removed when lapped (indicated by the arrow in Figure 5.4 b)).
An additional lapping step with a 3 µm alumina slurry is used to reduce the rough surface
achieved with the 9 µm alumina lapping. The effect of this re-lapping is a matt surface that
is uniform and smoother than the 9 µm surface (Figure 5.4 c)).
Figure 5.4 Optical images of processed surfaces of CdZnTe: diced edge (a), 9 µm lapped edge (b), 3 µm
lapped edge (c), 0.3 µm polished edge (d) 0.05 µm polished edge (e) and 0.05 µm polished edge of a different
sample (f).
Lapping produces relatively large features on the surface of the CdZnTe (∼ 10 µm). These
microscopic features produce a reflective surface that can be removed by polishing with
finer alumina powders [101]. Figure 5.4 d) shows the edge surface as polished with a 0.3 µm
alumina slurry after the 3 µm lapping process. The polishing process is highly sensitive to
any debris left in the polishing wheel, or any clusters of alumina particles, that can cause
damage to the smooth surface produced during polishing. Scratches, and other marks that
can be produced during the polishing process, have the potential to create electrically active
lattice defects that can lead to high leakage currents in the device [102].
Further polishing with a smaller alumina slurry (0.05 µm) was conducted to remove these
scratches and marks and to further smooth the surface. The result is seen in Figure 5.4 e)
where the surface produced is scratch-free and more lustrous than that observed with the
0.3 µm for this sample. However, if any CdZnTe debris is present in the polishing wheel
or the slurry is not sufficiently refreshed, the polishing process can create indentations as
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indicated by the arrow in Figure 5.4 f). These features are difficult to remove as they require
extensive polishing, which can induce damage to the crystal in the form of cracking or
chipping of the edges.
Therefore, there must be a balance between the time taken to remove the damage induced
by the previous process and the final roughness of the surface. Figure 5.5 shows a 640 µm
x 480 µm representative map of the surface topography recorded with the interferometer
for one of the samples, taken from the middle of the polished crystal edge, after each edge
processing step along with the average roughness, Ra.
Figure 5.5 Interferometry images from a 640 µm x 480 µm area of a diced edge (a) following different process
steps: 9 µm lapped edge (b), 3 µm lapped edge (c), 0.3 µm polished edge (d) 0.05 µm polished edge (e) and
a Redlen Technologies polished edge (f). Ra is the arithmetic average surface roughness for each process.
The surface topography map of the diced edge, in Figure 5.5 a), shows a non-uniform surface
characterised by "lumps" of material up to 5 µm height. The average surface roughness of
the diced edge with the AWS1 is 1.4 µm. The surface becomes more uniform as it is lapped
by the 9 µm alumina where the surface roughness is decreased by 58.1 % to 599.7 nm (Fig-
ure 5.5 b)). The Ra is decreased to 323.5 nm by lapping it with 3 µm particles (Figure 5.5
c)). Although lapping with the 9 µm and 3 µm alumina slurry considerably removed the
dicing damage, the end surface is not completely uniform. Polishing it with a 0.3 µm alu-
mina slurry flattens the surface and lowers the surface roughness by 95.2 %, from 323.5 nm
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to 15.5 nm (Figure 5.5 d)). Further polishing with the 0.05 µm alumina slurry, in the case
of this sample, only decreases the surface roughness by 11.0 % to 13.8 nm.
A map of the surface topography of a Redlen Technologies edge is shown in Figure 5.5 f)
for comparison. Its surface is flat and its average roughness is of 19.0 nm, which is compa-
rable to the Ra achieved with the 0.3 µm alumina slurry polishing process conducted after
the 9 µm and 3 µm lapping steps.
The average and standard deviation of the material removal rate and the average surface
roughness by processing step for all of the twelve samples is seen in Figure 5.6. The re-
moval rate is taken as the difference per minute between the crystal mass before and after
each processing stage, as measured by a micro-balance.
Figure 5.6 Semi-log plot of the average mass loss per minute between the edge processing procedures (a) and
the average surface roughness of each procedure (b).
There is a removal rate of 36.3 mg/min when using the 9 µm alumina lapping, as seen in
Figure 5.6 a), which is increased, on average, by 35.5 % after the 3 µm alumina lapping.
This is due to differences in the pressure applied during the lapping that resulted in varia-
tions of up to 40.0 % on the mass loss of the twelve samples investigated. The polishing
processes result in a material removal rate of 1.2 mg/min and 0.9 mg/min with the 0.3 µm
and 0.05 µm alumina slurry, respectively, which is 50 times smaller on average than that
81
5.2 Edge processing in CdZnTe
achieved with the lapping processes.
Figure 5.6 b) shows the average surface roughness, based on the Ra, calculated across the
twelve samples. The average surface roughness is decreased by 84.8 % when lapping the
edge surfaces after dicing. It is dramatically reduced by 94.5 % to 15 nm when polishing
the edges with the 0.3 µm alumina, but no improvement in the surface roughness in seen
when the edges are polished with the 0.05 µm alumina slurry. The lapping and polishing
processes on CdZnTe gives rise to surfaces that have an 80.0% lower surface roughness (Ra)
when compared to the dicing process of Acrorad.
The material removal rate and the average surface roughness show that the 0.3 µm alumina
slurry is the most effective process to remove the damage induced by the previous processes
and to smooth and flatten the surface. The 0.05 µm polishing does not improve the surface
morphology.
The leakage current, as an important parameter that characterises the performance of Cd(Zn)Te
radiation detectors, was monitored for all samples in between processes up to ± 1000 V, or
up to currents of 1 µA. An example of the IdE curves acquired after each process for one
sensors, that represents the best samples in terms of the amount of chipping, is seen in Fig-
ure 5.7.
Figure 5.7 IdE plot of original process and after each edge processing of sample 1 at room temperature. The
original curve refers to the IdE profile of the crystal before dicing. Inset plot: current densities between field
strengths of ± 500 V/cm.
The leakage current decreases in general as it is sequentially processed with the 9 µm, 3 µm
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and 0.3 µm alumina slurry. The exception to this sequential decrease of leakage current
with reduced particle dimensions is seen with the IdE curve after the 0.05 µm polishing for
this sample, which is similar to that acquired after the 0.3 µm polish.
The leakage current variation after the different processing techniques, at the field strengths
of± 500 V/cm, ± 1000 V/cm and± 1500 V/cm that indicate the trend of the IV curve, was
quantified for each sample through the following equation [59]:
Leakage current decrease (%) =
CDPr−CDp
CDp
(5.1)
where CDPr is the current density of the previous processing step and CDp is the current
density of the processing step being investigated.
The results are seen in Figure 5.7 a) and a more detailed view of the decrease of leakage
current at ± 1000 V/cm is seen in Figure 5.7 b).
Figure 5.8 Leakage current decrease (%) calculated from Equation 5.1 at six different field strengths (a) and
at ± 1000 V/cm (b).
Figure 5.7 a) and b) show that the variation in leakage current in the diced edges surpasses
500 %, which shows the irregularity of the dicing process using the diamond-impregnated
wire saw that causes significant damage to the crystal surface. This variation is drastically
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reduced during the 9 µm lapping, however, the results in Figure 5.7 suggest that the variation
across the twelve samples is increased as subsequent processing is conducted.
Minimal changes are observed between processes due to the large variance in the measured
leakage current across the twelve samples investigated (between 50 % to 800 %), that occurs
as a result of chipping and the uneven pressure applied. These factors hinder a statistical
correlation between the leakage current and the particle dimension. However, the large
variation of the leakage current between processing steps indicates that the reliability of
edge processing is reduced as more steps are conducted, as this increases the possibility of
chipping or cracking in the brittle CdZnTe crystals.
5.3 Edge processing of a 1 mm thick CdTe
The 1 mm thick pixelated CdTe sensors are more difficult to handle on a rotating lap-
ping/polishing plate than the 6 mm thick CdZnTe. Therefore, the processing needs to be
minimal and effective to decrease the potential of chipping or cracking at the crystal edges
to minimise potential edge effects.
The results of the previous section showed that the most effective processing step was pol-
ishing with a 0.3 µm alumina. It was also shown that limiting the number of processing steps
reduced the risks of chipping at the detector edge. This suggests that a one step 0.3 µm alu-
mina polishing on a diced Acrorad edge, that has a Ra value similar to that of a 3 µm alumina
CdZnTe polished edge, could be the most effective approach to improve the spectroscopic
performance of the edge pixels in a pixelated CdTe sensor.
5.3.1 Methodology
Two approaches were taken to process the 1 mm thick CdTe pixelated radiation detector.
The first approach was a one step process to limit chipping whereas the second approach
aimed at removing the pre-existing dicing damage.
Polishing of diced edges
An active-edge CdTe radiation detector, with 350 µm edge pixels with a 50 µm gap between
the pixel and the physical edge, was used for one step processing approach of the Acrorad
Ltd. diced edges. The edges were polished with a 0.3 µm alumina slurry for 40 seconds at
15 rpm to avoid excessive chipping.
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Lapping and polishing of diced edges
Two CdTe radiation detectors (samples A and B), with the standard HEXITEC anode pat-
tern, were used due to the lack of availability of the active-edge CdTe radiation detectors.
The standard HEXITEC pattern consists of a 200 µm guard band 50 µm away from the
physical edge, and pixels on a 250 µm pitch.
A 3 µm alumina slurry was used for 50 - 80 seconds, at a reduced wheel speed of 10 rpm to
decrease the abrasiveness of the lapping, until the 200 µm wide guard band was uniformly
lapped across the length of the detector (2 cm). This ensured that the damage due to dicing
was removed. The edges were then polished with the 0.3 µm alumina at 20 rpm for 60-80
seconds, until the final surface had an uniform finish under the naked eye.
5.3.2 Results: Polishing of diced edges in a 1 mm CdTe
The two processing approaches taken on the 1 mm CdTe radiation detector were charac-
terised in terms of its surface morphology, before and after the processing, its IV perfor-
mance and the spectroscopic performance of the edge pixels.
Surface characterisation
Figure 5.9 shows the optical images, surface topography maps and profiles of the edge sur-
face before and after the first processing approach. The optical image of the diced edge
(Figure 5.9 a)) shows dicing lines left by the diamond blade that are, in fact, step changes in
the surface height, as observed in Figure 5.9 c) and e). The blade dicing causes steps of up
to 500 nm height however the final surface has a Ra value of 114.70 nm. These dicing marks
are mostly removed when polishing the edge with the 0.3 µm alumina slurry. Some of the
steps are still seen on the left of Figure 5.9 b) and shown in the 200 nm step in Figure 5.9 f).
The final polished surface is smoother than the diced edge, with an average surface rough-
ness of 94.7 nm (Figure 5.9 d)). However, the jagged blade cuts have not been completely
removed after the polishing process.
Figure 5.10 shows the aspect of the crystal edge from the anode side before polishing (diced
edge) (a) and after polishing (b) with the 0.3 µm alumina. The diced crystal shows a clean
edge with no chipping on the anode side (Figure 5.10 a)) whereas the polishing process has
caused some chipping up to 10 µm into the gap between the physical edge and the met-
allised pixel, as indicated by the arrows in Figure 5.10 b). This image was taken after the
stencil-printing process which deposits the silver dots seen in Figure 5.10.
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Figure 5.9 Optical image of the edge before polishing (a) and after polishing (b), surface topography map of
the diced surface (c) and polished surface (d) and surface height profile of the diced edge (e) and polished edge
(f) for the first processing approach.
Figure 5.10 Optical image of the edge pixels with the silver dots on a diced edge (a) and on a polished edge
(b) using the first processing approach. Edge chipping is indicated by the arrows in b).
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The diced and polished surfaces of the CdTe radiation detector were further characterised
by X-ray topography at the European Synchrotron Radiation Facility (ESRF), according to
the methodology described in sub-section 3.5.4. Figure 5.11 shows the topographic image
acquired for a diced edge (a) and the polished edge (b) with the 0.3 µm alumina slurry.
The crystal structure observed in these images is related to the crystal structure 20 µm be-
low the surface of the whole length (2 cm) of the polished edge. This interaction depth was
calculated based on the incident angle of the X-ray beam on the crystal and their mean free
path in CdTe. The image is compressed vertically due to the diffraction geometry, where
the 2 cm long crystal is compressed to a total length of 0.45 cm in Figure 5.11. The faint
shadow observed at the left of Figure 5.11 a) and on the right of Figure 5.11 b) is due to the
scattering of X-rays whilst rotating the sample to obtain the images at the angles where the
Bragg condition is observed.
The intensity of the image shows the strength of the Bragg peak for all the angles. The
white areas in the image show positions in the crystal where the Bragg condition is not met
within the angular range studied, which indicates that the crystal distortion is greater than
0.42 ◦ in these positions [79]. This is usually consistent with grain boundaries in the crystal
structure.
Figure 5.11 a) shows the complex crystal structure of the diced edge. Several positions
where the Bragg condition is not met (white areas) are seen as well as high intensity lines
(dark areas) that indicate the presence of several superimposed crystal planes. The diced
edge also shows sub-grains, indicated by the dashed arrows in Figure 5.11, with large dis-
tortions which show the significant damage to the crystal structure 20 µm below the surface
caused by blade dicing.
This damage induced by the dicing is removed when polishing with a 0.3 µm alumina, as
shown in Figure 5.11 b). This crystal structure is generally uniform and without the pres-
ence of major disruptions to the crystal lattice. It shows, however, six sub-grain boundaries
that tend to follow a diagonal line from the cathode towards the anode side of the crystal,
that could be consistent with the direction of the polishing process.
There are also weaker reflections seen on the cathode side that extend through the length
of the edge. These lines are consistent with the dicing marks observed at the surface of the
CdTe crystal near the cathode side (see Figure 5.9 a)).
These X-ray topographic images suggest that blade dicing induces complex crystal damage,
at least 20 µm deep, in the CdTe crystal structure. Most of this damage is removed by pol-
ishing with a 0.3 µm alumina slurry, however other crystal defects are introduced, such as
grain boundaries.
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Figure 5.11 X-ray topography images of a diced edge (a) and polished edge (b).
IV performance
The current-voltage performance of the polished detector, following the first processing
approached, was measured with the detector bump-bonded to a HEXITEC ASIC at a tem-
perature of 27 ◦C. The result is seen in Figure 5.12.
The leakage current remains stable and slowly increases up to - 4500 V/cm. It becomes
unstable, above this field strength, which is indicative of the crystal edges breaking down,
as seen in previous chapters. This limits the operating bias of this detector to - 450 V. The
IV profile of this sample with polished edges is similar to that of a diced edge, with a max-
imum operating bias of - 4500 V/cm and breakdown voltages up to - 1000 V/cm above the
operating bias (see sub-section 4.2.1).
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Figure 5.12 IdE plot of CdTe after edge processing following the first approach.
Spectroscopic performance of pixels with polished edges
The spectroscopic performance of the CdTe pixelated detector, with lateral surfaces pro-
cessed according to the first processing approach, was characterised through an 241Am
spectrum. This was acquired with the detector at 27 ◦C and biased at the operating volt-
age of - 450 V.
The spectroscopy of the edge pixels was analysed according to the number of events below
10 keV, the SNR of the 60 keV 241Am peak and its FWHM. A large number of events be-
low 10 keV could be indicative of the presence of non-uniform charge collection efficiency
in the pixel, as seen in the previous chapter. The SNR between the number of integrated
events in the 60 keV peak and the number of integrated counts between 50 keV and 56 keV
indicates the strength of the 60 keV radiation signal in that pixel, from which the 241Am
spectroscopic quality is inferred. A SNR superior to 5 indicates a well defined 241Am pho-
topeak that delivers spectroscopy of imaging quality. Based on these criteria, the pixels were
categorised into:
Dead pixels where no definite spectrum was observed;
Good pixels where the Np peaks and 241Am photopeak are well defined with a FWHM
less than 1.5 keV and a signal-to-noise ratio (SNR) above 5 and the number of events
below 10 keV is under 200 counts (maximum height);
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Bad pixels where a photopeak is well identified but has a SNR below 5, the Np peaks have
lost definition, and the number of events below 10 keV is above 200 counts.
Figure 5.13 shows an example of a good pixel (a) and a bad pixel (b) for the CdTe pixelated
detector with edges polished with a 0.3 µm alumina slurry.
Figure 5.13 241Am spectroscopy of a good (a) and bad (b) pixel, according to its 241Am spectroscopic perfor-
mance, with polished edges following the first processing approach.
The spectroscopic performance of the good edge pixels (Figure 5.13) resembles that of the
good edge pixels with diced edges, seen in the previous chapter in section 4.2.2, with a high
SNR and a FWHM below 1.5 keV. However, only 21.3 % of all edge pixels present this
spectroscopic performance with the 0.3 µm polished edges. The badly performing pixels
of this detector, seen in Figure 5.13 b), present a high number of low energy events, a SNR
below 5 and a FWHM larger than 1.5 keV. This is consistent with the large insensitive areas
observed in the micro-beam experiments of Chapter 4, where there is poor charge collec-
tion near the physical edge. 63.8 % of the edge pixels in this CdTe detector fall under this
category, whilst the remaining 15.0 % are considered as dead pixels.
This spectroscopic categorisation of the CdTe detector with processed edges using the
0.3 µm alumina shows that the polishing has not been successful at improving the non-
uniformities observed during the micro-beam experiments in the diced edges. The number
of non-uniformities has, instead, increased by 50 % due to the polishing process as a result
of insufficient removal of the dicing damage and the introduction of irregular subsurface
defects during polishing.
90
5.3 Edge processing of a 1 mm thick CdTe
5.3.3 Results: Lapping and polishing of diced edges in a 1 mm CdTe
A second approach to polishing was taken to ensure the damage due to dicing was removed,
so as to increase the number of edge pixels with excellent spectroscopic characteristics for
X-ray imaging. This consisted in lapping the edges with 3 µm alumina for at least 250 µm,
until the HEXITEC guard band was removed, and polishing it with the 0.3 µm alumina
slurry. This latter process removes the damage induced by the 3 µm alumina and smooths
the surface, as seen during the CdZnTe processing.
Figure 5.14 shows the original diced edge of the CdTe sample (a) and the same edge after
the 3 µm polish (b). The surface topography map for both the diced (c) and the lapped (d)
edge are also shown in Figure 5.14 as well as the surface height profiles of the diced edge
(e) and the lapped edge (f).
Figure 5.14 a) shows the optical image of the diced edge where several dicing steps are
observed along the edge, with a maximum step height of 250.0 nm, and an average surface
roughness of 84.2 nm. An uneven surface and chipping on the cathode side are the results of
lapping the diced edge with the 3 µm alumina, as seen by the optical contrast in Figure 5.14
b). The surface morphology is made of regular lines of peaks and troughs (Figure 5.14 f)),
introduced by the lapping process, where a Ra value of 426.2 nm is measured. This average
surface roughness value for the 3 µm lapping is higher than the average achieved during the
CdZnTe processing (524 nm, see Figure 5.6 b)) due to the difficulties in handling the 1 mm
thick sample that unevenly distributes the pressure across the length of the CdTe detector.
The CdTe lapped edges were further processed with the 0.3 µm alumina slurry and the re-
sults of the end surface of two of the crystal edges processed are shown in Figure 5.15.
Figure 5.15 a) shows that the polishing process has created indentations in the surface, as
has previously been observed for the 0.05 µm polishing of CdZnTe (Figure 5.4 f)). This is
a consequence of debris left in the polishing wheel and insufficient slurry refresh required
to achieve a smooth surface. This polished surface has an average surface roughness of
729.7 nm (Figure 5.15 c)) and has a convex surface (Figure 5.15 e)).
A total of three other polished edges in both samples had the uniform mirror-finish aspect of
that observed in Figure 5.15 b). During processing, areas of the crystal edge were damaged
near the cathode and the anode, which is seen by the bright regions visible at the crystal
edges in the optical microscopy image. This surface has a lower average surface roughness
at 550.4 nm (Figure 5.15 d)) but it is not flat (Figure 5.15 f)).
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Figure 5.14 Optical images of a diced edge (a) and of an edge lapped with 3 µm alumina; surface topography
map of the diced edge (c) and lapped edge (d) and surface height profiles of the diced (e) and lapped edge (f)
during the second edge processing approach.
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Figure 5.15 Optical images of polished edges after the 3 µm and 0.3 µm processing (a) and b)), with corre-
sponding surface topography maps (c) and d)) and surface height profiles (e) and f)).
The damage created by the 3 µm alumina is related to its abrasiveness that introduce chip-
ping in the brittle and thin sample. The convex surfaces and the indentations created by the
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edge processing are the result of the non-uniform pressure applied due to the difficulty in
handling the 1 mm thick CdTe sample. This non-uniform pressure made it difficult to re-
move the same amount of material across the length of the device, which resulted in damage
to the metallised anode contacts in some areas. The pixel aspect, after the edge processing,
is seen in Figure 5.16 for several areas.
Figure 5.16 Optical images of the edge pixels after processing following the second approach.
The processing of the lateral surfaces of 1 mm thick CdTe detectors, after lapping and
polishing, resulted in differences in the distances between the edge of the outer electrode
and the physical edge of the CdTe crystal. The metallised contacts were, in their majority,
intact after processing as shown in Figure 5.16 a) and b) with a maximum gap width of
50 µm. The metallised layer of pixels in other areas was damaged and removed as seen in
Figure 5.16 c), in an attempt to consistently remove the guard band across the 2 cm length
of the device.
IV performance
The IV performance of sample A and B was monitored before and during the processing
stages as well as once the detectors were bonded to the HEXITEC ASIC. Figure 5.17 shows
the resulting curves, in terms of IdE. There is a decrease of the leakage current as the de-
tectors are sequentially lapped and polished. The original curves, that represent the IdE
performance of the detectors with the diced edges, breakdown at field strengths of - 4500
V/cm (sample A) and at - 6000 V/cm (sample B) as measured in the probe station.
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Figure 5.17 IdE plot of the original CdTe fabricated by Acrorad, after the 3 µm lapping, after the 0.3 µm
polishing, and as measured when bonded to HEXITEC of sample A (a) and sample B (b)
Lapping the lateral surfaces with the 3 µm alumina increases the breakdown voltage to
- 6000 V/cm in sample A and reduces the current density at high electric field strengths
in sample B. The polishing process for both detectors lowers the current density at high
field strengths in sample A (Figure 5.17 a)) and throughout all voltages tested in sample B
(Figure 5.17 b)).
The leakage current densities are decreased as the surfaces are subsequently lapped and
polished. However, the Ra of the surface of the lapped CdTe surface is 5.4 times larger
than that of the diced, and the polished surfaces are 1.2 - 1.6 times rougher than the lapped
surfaces. These results indicate that there is no correlation between the reduction of the total
leakage current densities of the CdTe detector and the average surface roughness (Ra), as
supported by J. Crocco et al. [59].
The IdE curves measured by HEXITEC are also presented in Figure 5.17. The IdE curve of
sample A follows the trend measured by the probe station whereas that of sample B has a
steeper trend. This is related to damage on the crystal that occurred during the handling of
the sample whilst bonding. The current density measured with HEXITEC is larger than that
measured in the probe station, for both samples. This is due to the fact that not all pixels
are in contact with the chuck where the current is read out from in the probe station and,
therefore, the total current measured is not that of the 6400 pixels.
The excellent IV performance of sample A, which increases with bias voltage, is show in
Figure 5.18 with respect to time, as measured with HEXITEC.
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Figure 5.18 Leakage current of sample A measured over 120 seconds. The bias voltages are displayed in - V.
It shows that the leakage current at high very bias voltages (> - 500 V) is stable over 120
seconds. This shows the effectiveness of the lateral processing in stabilising the edge surface
leakage current so that no current breakdown occurs at high bias voltages, as opposed to the
behaviour seen in the leakage current density measurements in chapter 4.
Spectroscopic performance of 2nd processing
The spectroscopic performance of the edge pixels in the samples with lapped and polished
edges was measured using an 241Am source. This performance was categorised qualitatively
into dead pixels, good pixels (Figure 5.19 a)) and bad pixels (Figure 5.19 b)), as described in
the previous section, and pixels with loss of spectroscopic features (Figure 5.19 c)), where
none of the 241Am peaks are well distinguished and a large number of low energy events is
seen.
Figure 5.19 a) shows the spectroscopy of a good edge pixel from the lapped and polished
detector. This type of performance shows a decrease of 70 % in the number of low energy
events observed between 5 keV and 10 keV compared to the good pixel performance of
the processed detectors with the 0.3 µm alumina (see Figure 5.13 a)). The bad area pixel
spectroscopy of the second processing approach, seen in Figure 5.19 b), has also improved
spectroscopic information in the Np peaks when compared to that observed with the first
edge processing method (Figure 5.13 b)).
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Figure 5.19 Edge pixels 241Am spectroscopy from a good pixel (a), bad pixel (b) and pixel with loss of
spectroscopic features (c), with edges processed according to the second processing approach.
The processing method that lapped and polished the edges generated 20.6 % of good pixels
between the two samples, whereas 38.3 % of their edge pixels performed as shown in Fig-
ure 5.19 b), which represents a total of 58.9 % edge pixels with well defined spectroscopic
features. Only 1.3 % of the edge pixels in the two samples were considered as dead pix-
els. The remaining 39.8 % of pixels presented a pixel spectroscopy as seen in Figure 5.19
c) where the 241Am peaks are not well identified. The loss of spectroscopy in these edge
pixels is correlated with the removal of the metallised pixel layer on the edge pixels, as seen
in Figure 5.16 c). No correlation was found between the edge pixel performance and the
damage observed from the optical inspection of the edge surfaces.
The results of the second edge polishing suggest that the edge leakage current densities are
reduced as the edges are lapped and polished. While the best of the edge pixels in the pro-
cessed detector show a 50 % reduction in the number of low energy events (< 10 keV), the
overall uniformity of the detectors with the edges lapped and polished is worse relative to
the unprocessed detector. This low edge pixel yield in the processed detector is due to the
manual edge processing, where uniform pressure is not applied across the entire area of the
edge surfaces, therefore producing non-uniform areas that may contain chips and pits.
5.4 Conclusions
In this chapter, a method for the processing of CdTe and CdZnTe edge surfaces has been de-
veloped. The initial development was carried out using 0.6 cm thickness CdZnTe material,
due to its ease of handling, and it was aimed at studying the effect of dicing, lapping and
polishing on the edge surface morphology and leakage currents. It was found that the sur-
face becomes more uniform and its average surface roughness decreases as it is sequentially
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lapped with 9 µm and 3 µm alumina slurry and polished with 0.3 µm alumina. Polishing
with the 0.05 µm alumina slurry after the 0.3 µm polish does not improve the surface mor-
phology of the lateral surfaces of CdZnTe. The variation in the detector response due to
chipping and cracking at the crystal edges meant it was not possible to correlate the surface
roughness to the leakage current performance.
Using the experience with the thicker CdZnTe devices, two methods were developed for
the processing of the edge surfaces of 1 mm thick CdTe devices. The first of these ap-
proaches attempted to limit the number of processing steps and the edges were polished for
40 seconds with a 0.3 µm alumina slurry. This resulted in a smoother surface, that was not
completely uniform, and in minimal chipping to the crystal. The X-ray topography showed
that the polishing reduces the amount of damaged caused by blade dicing, however only
21.3 % of the edge processed pixels presented well defined spectroscopic features, which is
not an improvement compared to the spectroscopic performance of the diced edge pixels.
The second approach included a lapping stage using a 3 µm alumina to remove the pre-
existing dicing damage. A second step, using the 0.3 µm alumina polishing, was taken to
reduce the surface roughness. This combined process resulted in the removal of the dicing
steps but the final surface was rougher and convex due to the extensive time taken to process
the edges and to the uneven pressure applied over the whole 2 cm x 0.1 cm edge area. There
was a gap of 0 - 50 µm between the pixels and the physical edge in some of the CdTe edges,
whereas some other pixels were damaged by the extensive processing.
This sequential processing of the edge resulted in reduced leakage currents compared to
the original diced edges that, in one of the samples, ensured stable leakage currents up
to - 8000 V/cm. The two-phase CdTe processing resulted in 58.9 % of edge pixels with
well defined spectroscopic features which is a larger yield with edge pixels with excel-
lent spectroscopic characteristics for X-ray imaging than with the first processing approach.
Nevertheless, this edge pixel yield is lower than that in the unprocessed detector due to the
difficulties in processing the edges of a 1 mm thick CdTe detector. The processing, and
hence the edge pixel yield, could be greatly improved by automating the lapping and pol-
ishing processing to ensure consistency from detector to detector.
These edges pixels, which can be divided into bad and good spectroscopy according to the
number of events below 10 keV, need to be further characterised to understand the causes
of spectroscopic losses when the edges are processed and if they are similar to those in the
diced CdTe detector.
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Chapter 6
Micro-beam Mapping of Edge Pixels
with Processed Edges
6.1 Introduction
In the previous chapter, measurements showed that edge-polished CdTe detectors displayed
significant differences in the response of individual pixels and areas. To fully understand
these differences, two areas representative of the edge pixel responses, categorised in the
previous chapter as good and bad according to their spectroscopic response, were selected
to be further characterised with a micro-beam produced at the Diamond Light Source syn-
chrotron.
The aim of this study is to map the sub-pixel performance of the edge pixels and their inner
neighbours to compare with that of the edge pixels with diced surfaces, presented in chapter
4. The performance of the edge pixels was studied using an edge-on illumination where the
micro-beam was scanned along the edge surface, from cathode to anode, in the two areas of
the processed edge and also in a diced edge for comparison. The energies of the micro-beam
were varied to observe how the surface damage, caused by dicing or processing, affect the
charge collection at different depths of interaction.
6.2 Methodology
6.2.1 Definition of areas of study
A CdTe pixelated radiation detector, with the edge surfaces lapped with a 3 µm alumina fol-
lowed by a 0.3 µm alumina polish (sample A, characterised in chapter 5), was used for the
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mapping with the micro-beam. An optical image of the edge pixels after surface processing
of the two areas selected can be seen in Figure 6.1. The metallised contact of the pixels
remained intact and a gap of approximately 30 - 40 µm was left between the pixel and the
physical CdTe edge, as also seen in Figure 5.16 a) in the previous chapter.
Figure 6.1 Photography of pixels after edge processing in the good area (a) and in the bad area (b). The areas
selected for the micro-beam experiments are within the red box and the pixels studied are indicated in the
figure.
The 241Am spectroscopic performance of the edge and inner neighbouring pixels of the
good area, which includes pixels (1,4) to (2,6), is seen in Figure 6.2. The spectra were cor-
rected with CSD and acquired at - 300 V at 27 ◦C. The FWHM and the signal-to-noise-ratio
(SNR) for the 59.5 keV photopeak were selected as criteria to identify the areas with good
and bad spectroscopy, and their values are indicated in Figure 6.2. The SNR was defined
as the number of integrated peak counts at 59.5 keV ± 3 keV (signal) over the number of
integrated counts between 50 keV and 56 keV (noise).
It was essential that, in both areas, the spectroscopic performance of the inner pixels pre-
sented well defined peaks, a FWHM lower than 2 keV, a peak height lower than 50 events
for energies below 10 keV and a SNR above 6. These criteria ensured that the spectroscopic
performance of the edge pixels was exclusively due to effects related to the edge surfaces
and not due to bulk material effects.
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Figure 6.2 241Am spectroscopic performance of three edge pixels, (1,4) to (1,6), in a good area and its inner
neighbouring pixels. Bias voltage of - 300 V.
The inner pixels of this region show well defined 241Am and Np peaks, with the photopeak
FWHM below 1.5 keV and a SNR above 7. The height of the peak below 10 keV is of 50
events, which is associated with charge loss as seen in chapter 4.
The spectroscopic performance of the edge pixels is comparable to that of the inner pixels
in the good area. The edge pixel spectroscopy has well defined 241Am and Np peaks, a
FWHM at the photopeak below 1.5 keV but slightly suffers more charge loss with a peak
height above 100 events for energies below 10 keV.
Figure 6.3 shows the 241Am spectroscopic performance of the bad area edge pixels and their
inner neighbouring pixels, from pixel (1,72) to pixel (2,74). The edge pixels (1,72) to (1,74)
show a peak height for energies below 10 keV of 350 counts and broad 241Am photopeaks
(> 2 keV). The inner pixels, on the other hand, show a FWHM below 2 keV, a maximum of
40 events below 10 keV and a SNR above 6. The superior performance of the edge pixels in
the good region compared to those in the bad area is demonstrated by the higher SNR, over
40 %, and the FWHM of the 241Am photopeak that is at least 0.5 keV narrower.
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Figure 6.3 241Am spectroscopic performance of three edge pixels, (1,72) to (1,74), in a bad area and its inner
neighbouring pixels. Bias voltage of - 300 V
6.2.2 Micro-beam mapping
A micro-beam of monochromatic X-rays was used to study the sub-pixel performance of the
active-edge detectors, where the use of different X-ray energies allowed their performance
to be characterised at different depths of interaction.
The data were analysed with the CSA algorithm to increase the sensitivity and the spatial
resolution of the measurements. The analysis of the micro-beam data was based on the
following concepts that quantify the detector performance:
• Charge collection efficiency (CCE), defined as the ratio of the charge collected by
the pixel of interest relative to the charge created by an individual X-ray interaction.
It is quantified in the spectroscopy through the peak centroid;
• Relative efficiency, defined as the ratio of the number of X-ray interactions measured
at the peak (peak counts) relative to the maximum number of peak counts measured
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in that pixel. The integrated number of peak counts was calculated between the peak
centroid ± 2 keV, for each scanned position.
The concept of the mean free path is essential to understand the charge collection at several
depths from the edge surface when various micro-beam energies are used (see Table 3.1).
The mean free path is defined as the average distance a photon will travel in the CdTe before
its energy is fully transferred to the material. An estimated 63 % of all photons will have
interacted within the thickness of CdTe material that equals one mean free path.
The micro-beam experiments were conducted face-on, by irradiating the CdTe radiation de-
tector through the cathode, and edge-on by irradiating the lateral surface of the CdTe sensor
between the anode and the cathode, as seen in Figure 6.4 a).
Figure 6.4 Photograph face-on (a) and edge-on (b) of the assembly of the CdTe inside the HEXITEC box.
A window was cut at the side of the HEXITEC box to irradiate the CdTe detector edge-on
(Figure 6.4 b)). The polyimide film Kapton was used to cover the window so that a con-
trolled environment with low humidity could be maintained inside the box.
The experimental arrangements conducted as 2D maps or as line scans in the polished and
diced edge are described in Table 6.1.
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Table 6.1 Beam energy, size, filtration and time per position used for each experiment.
The 10 keV beam energy was chosen for the majority of the experiments due to its small
mean free path (12 µm), that allows the study of the CCE and relative efficiency near the
CdTe edge. A total area of 775 µm x 625 µm was scanned for the good area and an area of
775 µm x 600 µm for the bad area in the face-on experiments of the polished edge. These
maps were scanned in steps of 25 µm in x and y.
The edge-on line scans, conducted in steps of 25 µm along the edge from anode to cathode,
simultaneously irradiated 3 to 4 pixels to gain more information and statistics on the perfor-
mance of the good and bad area when irradiated edge-on. A total area of 800 µm in x and
1200 µm in y was scanned edge-on for both polished areas to include the three edge pixels
mapped on the face-on experiments, in steps of 50 µm in y and 25 µm in x.
The diced edge of an active-edge detector, fabricated and diamond-blade diced from a larger
wafer by Acrorad Ltd, was irradiated edge-on with the purpose of comparing its edge-on
performance to that of the polished edge pixels. The active-edge detector, whose perfor-
mance was studied in chapter 4, has edge pixels 350 µm long, 250 µm bulk pixels and a gap
of 50 µm between the pixel and the CdTe physical edge. Its edge-on maps were obtained
in steps of 50 µm in y and 25 µm in x. A total area of 625 µm in x and 1150 µm in y was
mapped for the diced edge.
The time per position in every experiment was chosen as a balance between the primary
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beam and third harmonic statistics and the total time taken to run the experiment. It was fol-
lowed by a 10 second bias refresh and settling time to avoid breakdown of the edge leakage
current in the CdTe detector. The filtration used in each experiment was selected according
to the beam size and energy to prevent the occurrence of pile-up in HEXITEC, that com-
plicates charge sharing corrections. All the attenuators were calibrated aluminium blocks
present within the beam-line, except for the 0.1 mm attenuator that was made of an Al foil
sheet with its thickness specified by the manufacturer.
The cold finger at the base of the ASIC was kept at 20 ◦C to keep the detector temperature
stable at approximately 28 ◦C ± 2 ◦C. All the experiments were conducted with the de-
tector at - 300 V, unless otherwise stated. All data were analysed using the charge sharing
addition algorithm (CSA), where any event above 1.5 keV in the pixel of interest and its 8
surrounding pixels is added together and allocated to the pixel with the largest signal.
6.3 Results: Face-on illumination
6.3.1 Line scans
Previously, in section 4.3, it was found that a significant insensitive area existed close to the
edge of a CdTe radiation detector with diced edges by Acrorad Ltd. These measurements
demonstrated a dependence on bias voltage, where the width of the inactive area was in-
creased as the bias voltage across the detector was incremented. The bias dependence of the
sensitivity of a detector after edge processing was also investigated, according to the setup
described in Exp.1 of Table 6.1, and the results are shown in Figure 6.5.
The inter-pixel region at - 150 V is larger than in the - 300 V, as a result of an increase in
the charge cloud diameter at this voltage as the charge diffuses for longer at - 150 V due to
the weaker electric field strength. The estimated pixel size is 175 µm for the inner pixel and
125 µm for the edge pixel whereas the expected pixel size for both is 200 µm. The reduced
edge pixel size could be related to charge losses at the edge, as seen in the unprocessed de-
tector, or due to the bending of the electric field lines that reduces the actual pixel size [89].
The edge pixel width of the detector with polished edges is not dependent on the bias volt-
age unlike that observed for the detector with diced edges. This shows that the unknown
mechanism that is responsible for this bias effect in the unprocessed detector is not present
when the detector edges are processed.
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Figure 6.5 Voltage effect at - 150 V and - 300 V on the peak counts of an edge and inner pixel in the good
area of a polished CdTe edge.
The effect of the depth of interaction of the X-rays on the relative efficiency of an edge and
inner pixel was also investigated. The result is shown in Figure 6.6, in terms the of number
of peak counts normalised to the maximum of each pixel.
Figure 6.6 Dependence on energy of the normalised peak counts to its maximum of an edge and inner pixel
performance in the good area. Bias voltage of -
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The lack of any energy dependence on the response of the inner pixels indicates that the
relative efficiency is uniform, despite differences in the depth of interaction. The same is
observed for the edge pixel, however a decrease in the number of peak counts at 20 keV near
the middle of the pixel (∼ 275 µm) is seen. This potentially indicates a localised material
defect that causes charge trapping within the collection time of HEXITEC (1 µs).
These line scan measurements have shown significant differences between the unprocessed
detectors fabricated by Acrorad and those processed as part of this study. Unprocessed
detectors showed variation in edge pixel sensitivity as a function of bias voltage which
was not observed in the processed devices. The following section will examine in 2D this
different behaviour of the CdTe radiation detectors with polished edges.
6.3.2 Comparison of area maps
The results from XY micro-beam scans of the CdTe radiation detector performance are
shown in this section for both the good and bad area. Several micro-beam energies were used
to demonstrate the effect of depth of interaction of the X-rays on the detector performance.
Map: Good area
Figure 6.7 shows the number of integrated 10 keV (a) and 30 keV (b) peak counts for each
position of the micro-beam, across three edge pixels and its neighbouring inner pixels in the
good area, acquired according to the setup of Exp.2 in Table 6.1. The summed spectra for
an inner pixel (c) and an edge pixel (d) are also shown in the same Figure.
The X-ray beam was aligned so that the scan began beyond the edge of the sample (1 < Y < 5),
to ensure that the entire area of the edge pixels was mapped. An algorithm was used during
the data analysis to identify these areas based on the number of 10 keV photons considered
as scattered, i.e. photons that are deflected as the slits shape the micro-beam. They con-
tribute to less than 10 % of the number of integrated primary beam counts in the spectrum
at each position. The dashed line indicates the estimated position of the CdTe edge based
primarily on the distance from the inter-pixel gap (∼ 200 µm) and secondly on the number
of photons in the main peak.
The number of peak counts in the pixels with good spectroscopic performance, shown in
Figure 6.7 a) and b), shows that the detection of both the 10 keV and 30 keV photons is
mostly uniform across the metal area of the six pixels scanned with the micro-beam.
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Figure 6.7 Number of peak counts at 10 keV (a) and 30 keV (b) in the good area; and summed pixel spectra
for an inner pixel (2,5) (c) and edge pixel (1,5) (d). Pixel (1,4) is the pixel on the top left and pixel (2,6) at the
bottom right of the map. Each map position is 25 µm. Bias voltage of - 300 V.
The corner of pixel (2,6) also presents a low number of 10 keV counts that is indicative
of the presence of an inclusion [64]. The summed spectra, obtained by adding the spec-
troscopic response at each position within the area of the pixel, shows pile-up of events
between 10 keV and 25 keV. This was due to the high count rates of the primary beam
that were used to achieve high counting statistics for the beam harmonics. The inner pixel
presents a well defined primary beam and 30 keV and 40 keV harmonics, with a FWHM of
0.6 keV at 10 keV (Figure 6.7 c)). The same is also observed for the spectroscopy of the
edge pixel, however the 10 keV primary peak and the 30 keV harmonic present low energy
tailing (Figure 6.7 d)), which is indicative of charge loss due to trapping [64]. This effect
contributes to the wider FWHM of 0.9 keV observed for the 10 keV peak.
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The spectroscopy of five positions across the edge of pixel (1,5) is presented in Figure 6.8.
Position (X16,Y7) represents the positions in the interior of the pixel and positions (X16,Y5)
and (X16,Y4) are at the interface between the CdTe material and air. The number of 10 keV
peak counts are reduced by 90 % and an increase of 80 % is seen for the number of events
below 10 keV between positions (X16,Y7) and (X16,Y5). This effect is due to the transition
between the metallised pixel area and the 30 µm wide non-metallised CdTe area.
Figure 6.8 Sequential spectroscopy of the 10 keV beam in positions (X16,Y7) to (16,3) of Figure 6.7 a).
Scaled between 0 and 8000 number of counts for all positions.
Map - bad area
The same experimental arrangement was used to repeat the mapping measurements in the
bad area of the detector (Exp.3, Table 6.1). Figure 6.9 shows the number of peak counts in
the pixels of the bad area for the 10 keV peak (a) and its 30 keV harmonic (b), as well as the
summed spectra for a bulk pixel (2,73) (c) and an edge pixel (1,73) (d).
These maps show that the full pixel area of all edge and inner pixels have uniform charge
collection at 10 keV and 30 keV, as in the good area. The exception is the inner area of the
edge pixel (1,72) and (1,74), that represents an inclusion that acts as a trapping centre for
electrons [64, 103].
The summed spectra of the inner and edge pixel show that the primary beam and its harmon-
ics are well defined but both present low energy tailing in all peaks, which suggest that the
concentration of bulk traps in this area is higher than that in the good area. The low energy
tailing is more significant in the edge pixel, particularly at 10 keV, which contributes to the
wider FWHM of the 10 keV peak (1.32 keV) compared to that of the inner pixel (0.9 keV).
Figure 6.10 shows the spectroscopy across the edge of pixel (1,73), the bare layer of CdTe
material and into air. The spectroscopy of position (X16,Y7) represents those in the bulk of
the pixel whereas position (X16,Y4) indicates the spectroscopy at the interface between the
bare CdTe material and air.
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Figure 6.9 Number of peak counts at 10 keV (a) and at 30 keV (b) in the bad area; and summed pixel spectra
for an inner pixel (2,73) (c) and edge pixel (1,73) (d). Pixel (1,72) is the pixel on the top left and pixel (2,74)
at the bottom right. Each position is 25 µm. Bias voltage of - 300 V.
Figure 6.10 Spectroscopic of the 10 keV beam in positions (X16,Y7) to (X16,Y3) of Figure 6.9 a). Scaled
between 0 and 8000 number of counts.
The number of peak counts are reduced by 70 % and an increase of 93 % is seen for the
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number of events below 10 keV between positions (X16,Y7) and (X16,Y4). This is similar
to what is observed for the good area with polished edges (Figure 6.8) and is due to charge
loss in the non-metallised area of CdTe.
The results of these 2D mapping measurements show that there are significant differences
between the performance of the previously tested diced detectors (Chapter 4) and these
processed detectors. While variations in the performance of edge pixels in the processed
detector were observed, as demonstrated by the good and bad areas, no evidence was found
for the large inactive regions observed in the diced detectors. These results suggest that, in
general, the processing of edges leads to an improvement in the sensitivity of the detectors
and an increase in the active volume of the edge pixels.
6.4 Results: Edge-on illumination
In this section, the edge-on illumination of the detector with different X-ray energies is
used to investigate in greater detail the role of the dicing and processing damage on the
performance of edge pixels in terms of CCE and relative efficiency. The results presented
in this section are the first ever to be conducted as an edge-on X-ray irradiation of a CdTe
detector. Using micro-beam energies of 10 keV, 15 keV, 20 keV and their third harmonics
allows the study of the charge collection within tens to hundreds of µm from the edge
surface. These distances arise from the mean free paths of the 10 keV primary beam (12 µm)
and 60 keV, the third harmonic of the 20 keV primary beam, with a mean free path of
261 µm.
6.4.1 Edge-on maps
The detector system was rotated by 90 degrees so that the edge of the CdTe detector could
be directly irradiated. A 10 µm x 10 µm beam was used to study the properties of the edge
surfaces of the good and bad area studied face-on in the previous section. The beam was
scanned from cathode to anode in steps of 25 µm (x) x 50 µm (y) for a total area of 800 µm
x 1200 µm.
Edge-on map - good area
Figure 6.11 shows the integrated number of peak counts (a) and the peak centroid in keV
(b) of the 10 keV peak in the good area. The spectroscopy of positions A to D in a), that
are representative of the different behaviour of the detection and collection of the 10 keV
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photons in the good area, is shown in Figure 6.11 c) to f).
Figure 6.11 Number of peak counts (a) and peak centroid (b) of the 10 keV peak edge-on in the good area. The
approximate cathode and anode limits are indicated in the figure, as well as the approximated pixel boundaries.
Each position is 25 µm in x and 50 µm in y. The spectroscopy of positions identified in a) as A-D is plotted in
c) to f). Bias voltage of - 300 V.
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The maximum number of 10 keV peak counts are detected within 300 µm of the anode
across the three edge pixels (Figure 6.11 a)). The relative efficiency is decreased in the next
250 µm and at distances further than 550 µm from the anode there are little or no counts
detected.
Good spectroscopic performance was found in the region Y10 to Y17 (Figure 6.11 d)),
where 100 % CCE was achieved (Figure 6.11 b)). The spectroscopic performance deterio-
rates closer to the anode, as seen in the spectrum of position A in Figure 6.11 c), where the
main photopeak shifts to lower energies, which is consistent with a lower CCE. The lowest
relative efficiency is observed for positions Y < 10, represented by spectra C and D in Fig-
ure 6.11 e) and f). The low number of events detected indicates that they must have been
collected with an energy lower than the threshold of 3 - 4 keV, which results in the majority
of events with a CCE inferior to 30 %.
The spectra at each of the positions A-D show well resolved 30 keV peaks even when the
10 keV performance is poor. Figure 6.12 shows the map of the number of peak counts (a)
and peak centroid (b) of the 30 keV peak in the good area.
Figure 6.12 Number of peak counts (a) and peak centroid in keV (b) of the 30 keV harmonic on the edge-on
illumination of the good area. The approximate cathode, anode and pixel limits are indicated in the figure.
Each position is 25 µm in x and 50 µm in y. Bias voltage of - 300 V.
Unlike the 10 keV photons, the 30 keV photons are detected along all the depth of the detec-
tor, but the maximum number of peak counts is only observed across the three pixels within
100 µm to 300 µm from the anode, as observed in the 10 keV maps. While the average
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depth of interaction of the 30 keV photons is 78 µm, a significant number of events will
have deposited their charge at shallower depths. An estimated 15 % of the 30 keV photons
will interact within 12 µm from the surface, which results in the low relative efficiency of
the 30 keV photons below the cathode. Those events that interact beyond his low efficiency
region are fully collected across the depth of the detector and of the three edge pixels (Fig-
ure 6.12 b)).
The 2D maps made with the 10 keV and 30 keV X-rays demonstrate good performance for
interactions occurring close to the anode. Significant charge loss is observed up to 450 µm
from the cathode in both maps. This charge loss is more significant at 10 keV compared to
30 keV, suggesting that there is a higher concentration of traps within 12 µm from the sur-
face. As interactions occur deeper in the detector, the trap concentration is reduced leading
to better charge transport.
Edge-on map - bad area
Earlier measurements, shown in section 6.3, revealed that there was no substantial spatial
differences between the face-on map of the good (Figure 6.7) and bad (Figure 6.9) areas
in the CdTe edge pixels with polished edge surfaces. However, the summed spectra of the
edge pixel in the bad area (Figure 6.9 d)) showed low energy tailing of the 10 keV peak,
which was consistent with the 241Am spectroscopy of these pixels (Figure 6.3).
The edge-on irradiation measurements conducted in the good area were repeated on the bad
area to investigate the poorer performance of this region. Figure 6.13 shows the number of
integrated peak counts (a) and the peak centroid in keV (b). The response of the 10 keV
photons varied between the three edge pixels in the bad area and were only detected within
150 µm of the anode. The area up to to 500 µm underneath the cathode shows little or no
collection of the 10 keV photons (Figure 6.13 a)). The photons that interact in the areas with
high relative efficiency are fully collected (Figure 6.13 b). The spectroscopy of position 1
in Figure 6.13 c), shows that 10 % of the 10 keV events suffer charge loss. The relative
efficiency is reduced by 25 % in position 2 but only a small reduction in the CCE was
observed (5 %) for those events successfully detected. In position 3, the relative efficiency
is reduced by more than 90 % and most of the events suffered significant reductions in CCE
(> 50 %). There are less than 100 total counts detected in position 4, which is representative
of the area up to 500 µm underneath the cathode. The 30 keV harmonic is detected in
positions 1 to 3 with 100 % CCE.
The map of the relative efficiency (number of peak counts) (a) and the CCE (b) of the bad
area across the three edge pixels for the 30 keV harmonic is shown in Figure 6.14. The
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detector shows little or no relative efficiency at 30 keV for positions up to 500 µm from the
cathode (Figure 6.14 a)).
Figure 6.13 Number of peak counts (a) and peak centroid in keV (b) of the 10 keV beam in the bad area. The
spectroscopy of the positions 1-4 indicated in a) is shown in c) to f). The approximate cathode, anode and
pixel limits are indicated in the figure. Each position is 25 µm in x and 50 µm in y. Bias voltage of - 300 V.
There is 100 % CCE of the detected 30 keV photons (Figure 6.14 b)) up to 300 µm away
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from the anode. Beyond this position, the number of total events falls below the threshold of
the analysis algorithm and therefore the peak centroid of those positions was not measured.
Figure 6.14 Number of peak counts (a) and peak centroid (b) of the 30 keV harmonic on the edge-on illumi-
nation of the bad area. The approximate cathode and anode limits are indicated in the figure. Each position is
25 µm in x and 50 µm in y. Bias voltage of - 300 V.
The edge-on 2D maps for the good and bad area of the CdTe radiation detector with polished
surfaces show it is possible to detect and achieve full charge collection within 12 µm from
the edge surface when the interaction occurs near the anode. The bad area shows similar
trends to the good area, in that there is a small number of peak counts and CCE nearer to the
cathode. The increased charge loss in the bad area is consistent with a greater concentration
of traps in this region of the detector due to the poorly controlled nature of the manual
processing.
6.4.2 Edge-on line scans
The dependence of the relative efficiency on energy, observed between the 10 keV and
30 keV 2D maps in the previous sections, was further analysed through line scans for a
greater range of beam energies (10 - 60 keV). This was aimed at exploring the photon detec-
tion and charge collection between 12 µm and 260 µm from the edge surface to investigate
the extent of the charge trapping consequences near the edge caused by surface processing.
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Line scans edge-on - good area
Figure 6.15 shows the results of the edge-on line scans for pixel (1,4), that is representative
of the behaviour of the line-scans in the three edge pixels scanned in the good area. Fig-
ure 6.15 a) shows the normalised peak counts to its maximum for the 10 keV, 15 keV, 20
keV beams and their respective harmonics. The maximum number of peak counts detected
for all energies studied is seen between scan positions 300 µm and 450 µm. It is drastically
reduced by more than 90 % at 10 keV and 40 % - 50 % for the harmonics and 20 keV beam
from this position up to the cathode.
Figure 6.15 Number of integrated peak counts normalised to their maximum (a) and peak centroid, in keV,
(b) of the primary beams and their 3rd harmonics across the edge of a good area from anode to cathode. The
dashed lines represent the 3rd harmonics of the primary beams. The estimated anode and cathode positions
are at 150 µm and 1150 µm, respectively, from the starting scan position, as indicated by the vertical black
line. Bias voltage of - 300 V.
As observed in the 10 keV and 30 keV edge-on maps, the radiation detection is mainly
affected within the first 12 µm of CdTe material from the edge surface. This volume of
material, that has a high density of traps, also affects the detection of higher photon energies.
This effect is reduced with increasing energy due to the deeper position of interaction of the
majority of the high energy photons. A small percentage of these will interact at shallower
depths, which explains the loss of counts closer to the cathode in Figure 6.15 a).
The charge collection efficiency, given by the peak centroid in Figure 6.15 b), shows that
the charge cloud is fully collected for energies above and including 20 keV. The 10 keV
photons are also fully collected (100 % CCE) between 250 µm and 600 µm above the
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anode, but beyond this position, the peak position is at 4 keV, which is the threshold energy
in the analysis algorithm. This indicates that the 10 keV photons have suffered at least 60 %
charge loss up to 400 µm below the cathode.
Line scans edge-on - bad area
Figure 6.16 shows the relative efficiency in terms of the number of integrated peak counts
detected (a) and CCE, given by the peak centroid, (b) in a pixel of the bad area that is rep-
resentative of the three pixels scanned.
Figure 6.16 Number of integrated peak counts normalised to its maximum (a) and peak centroid, in keV, (b)
of the primary beams and their 3rd harmonics and across the edge of a bad area from anode to cathode. The
dashed lines represent the 3rd harmonics of the primary beams. The estimated anode and cathode position is
at 100 µm and 1100 µm, respectively, from the starting scan position as indicated by the vertical black line.
Bias voltage of - 300 V.
The number of integrated photopeak counts in Figure 6.16 a) shows a similar pattern to that
seen in the good area. The maximum number of peak counts is seen in the vicinity of the
anode, however this detection area is confined to 150 µm above the anode. Beyond this,
there is a drastic reduction of the number of events of the 10 keV (90 % reduction), 15 keV
(85 %) and 20 keV (80 %) primary beams as well as the 30 keV harmonic (75 %). The
detection of the high energy photons is affected by the first 12 µm of CdTe material from
the edge surface where the relative efficiency of the 10 keV is less than 10 %.
There is 100 % charge collection for energies above 20 keV shown by the peak centroid in
Figure 6.16 b). However, the 10 keV photons are only 100 % collected up to 100 µm above
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the anode and the CCE is decreased at least by 73 % for the 15 keV photons up to 300 µm
below the cathode.
These line-scan results are in agreement with those seen in the edge-on maps of the good
area (Figure 6.11 and Figure 6.12) and bad area (Figure 6.13 and Figure 6.14). The CCE and
relative efficiency increase with beam energy, which indicates a higher trap density nearer
to the edge of the CdTe material that decreases with depth. These two parameters are more
affected in the bad area than in the good area possibly due to an increased trap density as a
result of the uneven pressure applied during processing.
6.5 Edge-on irradiation of a diced edge
A comparison of the earlier face-on study of un-processed diced detectors from Acrorad
(chapter 4, section 3) to the processed devices (section 3 of this Chapter), show that there
are significant differences in the performance of the edge pixels in the unprocessed detector
relative to those in the processed CdTe. A micro-beam irradiation of a diced edge was con-
ducted edge-on to further understand these differences.
Initial line scans were carried out in the diced edge with a 10 keV primary beam and 0.1 mm
of Al filtration, as on the edge-on irradiation of the processed edges, but no events were
detected. The beam energy was changed to 20 keV, the maximum energy that could be
used under the same experimental conditions as in the polished surfaces, with a filtration
of 7.1 mm of Al, but it was not possible to align the micro-beam to the CdTe edge due to
the low number of events seen. The filtration of the 20 keV beam was gradually reduced
to 2.1 mm when the number of photos was sufficiently high to align the beam and map the
CdTe detector edge. These initial trials show that the diced edge has poorer detection per-
formance than the polished edge, including the bad spectroscopic area, which suggests that
the damage induced by the diamond-blade dicing introduces trap levels with high densities,
at least, within 78 µm from the edge surface of the sensor.
The spectroscopic performance of the irradiated pixels with diced edges is shown in Fig-
ure 6.17 a) and the number of 20 keV peak counts in the mapped edge-on area is seen in
Figure 6.17 b). The scattering threshold of the data analysis algorithm was lowered when
analysing the diced edge in order to detect all of the events that hit the CdTe material. As
a consequence, the cathode position is not distinguished from positions where scattering is
present.
The 241Am spectroscopic performance of the pixel with diced edges (Figure 6.17 a)) shows
a well defined photopeak and Np peaks and a large number of events below 10 keV. This
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spectroscopic performance is representative of 30 % of the edge pixels in the active-edge
sensor characterised in chapter 4, where an inactive area up to 100 µm from the edge was
seen in the face-on experiments.
Figure 6.17 241Am spectroscopy of a pixel with diced edges in the micro-beam scanned area (a) and number
of peak counts at 20 keV edge-on (b). The approximate cathode and anode positions are indicated in the figure.
Each position is 25 µm in x and 50 µm in y. Bias voltage of - 300 V.
The relative efficiency of the 20 keV photons, that interact within 78 µm from the edge, is
shown in Figure 6.17 b). It shows a similar pattern to that observed in the processed edges,
in that the majority of events are detected within 250 µm from the anode and its distribution
is uniform across the three edge pixels. The 20 keV beam spectroscopy at several interacting
positions is presented in Figure 6.18. The number of peak counts is increased as the micro-
beam approaches the anode, as in the good and bad area of the polished edge, where the
maximum peak height is of 40 counts. The statistics of the 20 keV peak are insufficient to
establish if the CCE is dependent on the interaction position, as seen in the polished edges.
The low number of events detected within 78 µm from the CdTe edge with diced edges
is in agreement with the face-on experiments of chapter 4 that showed a 98 % charge loss
between a position 175 µm and a position 75 µm away from the physical edge (Figure 4.14).
The results of the edge-on illumination of the polished edges and diced edge confirm the
results achieved in the face-on illumination, where a larger inactive area is observed in the
diced edge. According to the simulation models and experimental data shown in chapter 4,
the inactive areas seen in the diced edge are consistent with high surface leakage currents,
that generate a potential well near the physical edge which contributes to charge losses up
to 200 µm from the physical edge. The inactive areas in the polished edges are at least 70 %
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smaller and suggest that the surface leakage currents have been decreased as the crystal
edges were lapped and polished. This conclusion is supported by the measured total leakage
currents in Figure 5.16 where the breakdown current of the sensor with processed edges has
been increased by at least - 2000 V/cm from that of the sensor with diced edges.
Figure 6.18 20 keV spectra in the diced edge from cathode to anode in steps of 200 µm. Scaled between 0
and 50 number of counts. Bias voltage of - 300 V.
6.6 Surface inspection of irradiated areas
Optical images of the three surfaces characterised above were acquired to correlate the sur-
face morphology to the performance seen on the edge-on illumination, particularly to the
poor relative efficiency observed underneath the cathode. Figure 6.19 shows an optical im-
age of the good area (a) and bad area (b) of the polished edge. The optical image of the
good area (Figure 6.19 a)) shows an uneven surface with indentations and depressions in
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the same direction, diagonally from cathode to anode. This is consistent with the processing
direction and is a consequence of the polishing process where the alumina particles, mixed
with CdTe debris, damage the surface. No damage is observed on the cathode side of the
good area, however significant chipping is seen on the anode side up to 100 µm above the
anode edge.
Figure 6.19 Optical images of the CdTe surface in the good area (a) and bad area (b). The centre of the pixel
position is indicated in the figure.
This is consistent with the results depicted in Figure 6.15 a) and b), where a small number
of peak counts is seen for all energies up to 150 µm above the anode. There is no other
physical evidence of damage that replicates the reduced relative efficiency and CCE under-
neath the cathode in the good area.
The optical image of the bad area, in Figure 6.19 b), also shows an uneven surface with the
presence of pits and indentations. There is chipping on the cathode side of the bad area,
that extends 50 µm below the cathode, however there is no conclusive evidence that this
affects the relative efficiency and CCE in this area. As in the good area, there is also no
physical evidence to correlate to the poor detection and collection efficiency underneath the
cathode, which suggests that these are related to subsurface defects introduced during the
edge surface processing. As a rule of thumb, it is known that mechanical processing causes
surface damage that extends into the bulk in the order of three times the size of the alumina
powder used [104]. Therefore, the effect of the 0.3 µm alumina that was used to polish the
edge is estimated to create damage in the order of 1 µm into the bulk. The edge surface
was previously lapped with a 3 µm alumina powder which generates a 9 µm thick layer
122
6.7 TCAD simulation of edge-on illumination
of damage. Assuming some of this layer is removed by the 0.3 µm polishing, the amount
of damage left is less than 7 - 8 µm. This matches with the experimental results observed
edge-on, where the detection and collection of the 10 keV photons, whose majority interact
within 12 µm from the edge surface, were mainly affected.
Figure 6.20 shows an optical image of the diced edge (a) and a surface roughness map of the
irradiated area (b). The micro-beam mapped area in the optical image is delineated in the
figure. Inspection of the edges of the diced detector showed a number of "steps" (Figure 6.20
b)), which were caused by the dicing with diamond blade saw, however no correlation with
the irradiation data could be found.
Figure 6.20 Optical image of the diced edge (a) and surface topography map (b) of the irradiated area.
The optical images of the processed and unprocessed edge surfaces showed no correlation
with the detector performance. This indicates that the effects observed in the relative ef-
ficiency and CCE of the edge pixels are related to microscopic rather than macroscopic
damage.
6.7 TCAD simulation of edge-on illumination
TCAD simulations can be used to understand the expected response of an edge pixel to edge-
on illumination under perfect bulk and edge conditions. It also simulates the behaviour of
123
6.7 TCAD simulation of edge-on illumination
the charge collection when low resistivity surfaces are present at the edge, with the intent of
replicating the low relative efficiency observed under the cathode.
A line scan of a 10 keV photon, where it interacts at 12 µm into the CdTe material in steps
of 50 µm from cathode to anode as in the experimental edge-on data, was simulated to show
the effect of the position of interaction on the charge collection of an edge pixel. The charge
equivalent to a 10 keV photon was also introduced in the middle of a bulk pixel in steps
of 50 µm for comparison. The induced signal was integrated within the 1 µs shaping time
of HEXITEC to produce the total charge collected at each position. This simulation was
conducted on a device with the standard boundary conditions to simulate the response in an
ideal scenario, and on a model with varied low resistivity layers at the edge as developed
in chapter 4 (Figure 4.20) to explain the inactive areas observed in the data of the diced
edge face-on. A 20 keV photon was also introduced in the model with varied low resistivity
layers to compare to the data simulated with the 10 keV photon.
Figure 6.21 shows the charge collection efficiency for a 10 keV photon in a device with
ideal boundary conditions (a) and in a device with low resistivity edge layers (b).
Figure 6.21 Charge collection efficiency of a 10 keV photon during an edge-on irradiation in a device with
ideal edges (a) and a device with low resistivity edge layers (b). A 10 keV equivalent charge was introduced
in the middle of a bulk pixel to compare it with the response of the edge pixel in a).
There is full charge collection up to 350 µm away from the cathode surface in the CdTe
device with ideal boundaries (Figure 6.21 a)). Beyond this point, the amount of charge
collected is reduced by 8 % as the interaction position nears the anode. This is related
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to the slow motion of the holes, due to the small pixel effect (see Chapter 2, sub-section
2.4.7) that do not induce the full charge of the 10 keV photons within the collection time
of HEXITEC. The charge loss is more significant (up to 12 %) nearer to the anode when it
interacts within 12 µm from the edge surface, possibly due to the boundary conditions set by
default in the simulation. The simulation results under ideal edge conditions do not replicate
the experimental data where a decrease in the CCE is observed nearer to the cathode and
not to the anode.
The low resistivity simulation model, in Figure 6.21 b), shows that the maximum of the
charge collection efficiency for the 10 keV is of 23 % between 200 µm and 400 µm above the
anode and less than 5 % up to 500 µm below the cathode. At 20 keV, where the interaction
occurs 78 µm from the edge surface, there is 100 % CCE between 300 µm and 600 µm from
the anode. Although the low resistivity model replicated the experimental data regarding the
measured edge leakage currents (Chapter 4, section 2) and the face-on experiments on the
diced edge (Chapter 4, section 4), it does not replicate the edge-on measurements both
in the polished and diced edges (section 4 and 5 of this Chapter). In the experimental
measurements, the CCE was reduced underneath the cathode but full CCE was achieved
near the anode (Figure 6.15 b) and Figure 6.16 b)), unlike what is observed in the simulation.
This simulation model is incomplete since it shows the consequence of high trap densities
at the crystal edge but does not account for the dynamics and diversity of these traps. A
complete trap model in TCAD would be difficult to achieve as a result of the complex
nature of the trap states introduced during dicing or polishing that changes the period of the
crystal lattice and induce energy levels in the band gap of CdTe [13].
6.8 Discussion and Conclusion
In this chapter, measurements with a micro-beam were made to explore the role of edge
surface processing on the performance of active-edge radiation detectors. The experimental
measurements have shown that significant trapping occurs close to the edge surface in both
processed and diced edges. In the processed edges, this damage appeared to be contained
within the first tens of microns while it was more extensive in the diced detector. In chapter
4, it has been reasoned that the loss of charge in the face-on experiments with diced edges is
related to a long de-trapping time of the charge carriers, due to the presence of traps at the
edge caused by dicing or polishing that generate low resistivity edge surfaces.
Figure 6.22 illustrates the extent of the areas with higher trap densities in the good area (a)
and bad area (b) of the polished edge and on the diced edge (c), based on the experimental
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data in sections 6.4 and 6.5. It is assumed, for simplicity, that the density of traps introduced
between the cathode and the anode is relatively uniform. The cause of the varying trap
densities in the two regions of the polishing edges (Figure 6.22 a) and b)) is likely to be a
result of the non-uniform lapping and polishing. In the original detector (Figure 6.22 c)),
the high density of traps is due to the diamond blade dicing that creates sub-surface damage
that extends over tens of µm into the material.
Figure 6.22 Illustration of the trap densities in the good area (a) and bad area (b) of the polished edges and
for the diced edge (c). The different shades of green represent the trap density, with the more intense colours
identifying regions with higher trap density.
Traps are electronic defects introduced in the band gap of the material that restrict the move-
ment of the charge carriers. They can capture and immobilise electrons or holes for extended
periods of time, which prevents their contribution to the induced signal in a pixel. The de-
trapping time, that describes the amount of time until a charge carrier is released from a
trap, is an important characteristic of traps. At room temperature, the de-trapping times
for electron and holes have been measured to range from 100-300 ns [105–107] up to 1 µs
[105], where it is highly dependent on the trap concentration and energy.
The HEXITEC detector is designed so that it is mainly sensitive to electrons, as a conse-
quence of the low mobility of holes in CdTe, by making use of the small pixel effect. In
face-on irradiations with low energy X-rays (10 keV), the interaction occurs close to the
cathode and the induced charge is dominated by the drift of electrons. The TCAD simula-
tions show that the time for full charge induction is approximately 200 ns in this situation. In
the case of an edge-on illumination where the point of interaction is close to the anode, the
hole transport contributes to the majority of the induced charge. TCAD simulations show
that the time for full charge induction in these instances is approximately 400 ns.
Near the edge, where a high density of traps is present, the charge carriers are trapped and
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de-trapped multiple times after generation. If each trap has de-trapping time above 100 ns,
as has been measured experimentally [105–107], and the charge carriers are trapped mul-
tiple times, the total time taken from the generation of charge to the induced signal in the
pixel could be longer than the 1 µs shaping time of HEXITEC. This results in the detection
of the photon being lost or to a partial charge collection, depending on where the photon
interaction occurs relative to the anode.
There are three situations that occurred in the edge-on experiments in terms of the number of
peak counts and CCE, seen in Figure 6.23, that can be explained using a multi-trap model:
1. Relative efficiency and CCE below 30 % (Figure 6.23 a));
2. 100 % CCE but less than 50 % relative efficiency (Figure 6.23 b));
3. Full charge collection and relative efficiency (Figure 6.23 c));
Figure 6.23 Edge-on 10 keV spectra of situation 1 (a), 2 (b) and case 3 (c).
The first situation takes place predominantly underneath the cathode, where the signal will
be mostly induced by electrons as they travel towards the anode. As a result of the small
pixel effect, the weighting potential lines are further apart in the 500 µm of material un-
derneath the cathode (see Figure 2.8). This means that the electrons will have to travel a
considerable distance before their charge is mostly induced in the vicinity of the anode. If
the electrons are trapped and de-trapped multiple times for longer than 100 ns as they travel
from underneath the cathode towards the anode, very few photons will induce a full signal
within the 1 µs collecting time of HEXITEC (Figure 6.23 a)). In the extreme, a signal that
is smaller than the low energy threshold of HEXITEC (3 keV to 4 keV) will be induced and
therefore not seen in the spectrum.
The second situation occurs for energies above 15 keV where the depth of interaction of
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the photons in the CdTe material is increased (demonstrated by the 30 keV peak in Fig-
ure 6.23 b), and seen in Figure 6.12 a) and Figure 6.14 a)). The trapping concentration is
lower at depths beyond 12 µm, which results in the full detection and charge collection of
the 30 keV events within 1 µs. An estimated 15 % of these high energy photons will deposit
their charge near the edge surface and will be affected by the increased charge trapping at
the edge. This results in a decrease of the relative efficiency, particularly underneath the
cathode.
In the third situation, the maximum number of peak counts and full CCE were obtained
which was observed experimentally nearer to the anode. The signal will be mostly induced
by the slow hole mobility as these carriers travel towards the cathode. The majority of the
signal will be induced up to 400 µm in the vicinity of the anode due to the density of the
weighting potential lines in this region (Figure 2.8 a)). Despite the slow mobility of holes,
the charge due to the majority of the photon interaction near the anode is fully induced.
In the spectrum of Figure 6.23 c), it can be seen that there is also a significant number of
10 keV events that are detected with an energy below 10 keV. This is indicative that their
signal is not fully collected either because the holes are trapped and de-trapped as the elec-
trons travelling from the cathode, or because it is not completely collected within the 1 µs
shaping time of HEXITEC as the holes slowly move towards the cathode.
What are the characteristics of these traps introduced either by dicing or processing?
Bulk trap densities have been measured to be in the order of 1014 cm−3 to 1018 cm−3 [108–
111] but, due to the large decrease of the relative and charge collection efficiency at the
edge, it is proposed that the concentration of traps at the edge is several orders of magnitude
higher than those that have been measured for the bulk.
As detailed above, the experimental data shows that the charge from an interaction that has a
greater contribution from holes (nearer to the anode) is fully collected, whereas that almost
exclusively to the electrons (nearer to the cathode) is not. This indicates that the majority
of the traps introduced at the edge, either via dicing or processing, are mainly electron traps
since these charge carriers are more affected by the trap density at the edge. While the
presence of deep electron traps may explain the poor charge transport in this region [113],
these traps do not account for the higher surface leakage current. This suggests that there
must also be a significant concentration of shallow traps that lower the resistivity of the edge
surface [112].
For further details on traps, their characterisation in semiconductor radiation detectors can
be conducted through photo-luminescence and photo-induced current transient spectroscopy
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(PICTS), among other techniques, which have been extensively published in the literature
for Cd(Zn)Te radiation detectors [105–107, 109, 114–121]. These authors report the pres-
ence of shallow and deep traps with activation energies between 0.007 eV and 1.05 eV and
with capture cross-sections that vary between 1x10−19 cm2 to 1x10−9 cm2 [105–107, 109–
111, 114–121]. In particular and most relevant to the work presented in here, Crocco et
al. [59] have shown that lapping and polishing with 3 µm alumina particles introduces a
dominant signal in the cathodoluminescence that is strongly correlated to an A centre, with
an activation energy around 0.18 eV. In reality, a combination of these trapping states is
present near the surface of a CdTe radiation detector, and further characterisation is neces-
sary to classify the traps introduced by dicing or processing.
The results presented in this chapter show that the trap density in the polished edges is
significantly smaller than that present in the diced edges. This indicates that edge surface
processing has the capability to increase the radiation sensitive area of the edge pixels com-
pared to those with diced surfaces, which would enable to tile the Cd(Zn)Te modules with
minimum dead space between them when building a large panel Cd(Zn)Te radiation detector
for X-ray imaging applications.
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Chapter 7
Concluding Remarks
Pixelated Cd(Zn)Te semiconductor radiation detectors are able to provide excellent spatial
and energy resolution for γ and X-ray energies up to 200 keV, which are ideal characteris-
tics for X-ray imaging. They are only available in areas smaller than 5 cm2 due to crystal
growth yields and the reticle size used in the ASIC foundry, which means that the modules
must be tiled together if a large radiation detector is to be built. The gaps between the mod-
ules, created by the band gaps in the sensors, must be minimised for a better X-ray imaging
performance with a large detector. The work presented in this thesis aimed at developing a
new generation of active-edge Cd(Zn)Te sensors to build a large panel detector for imaging
applications with minimum gaps between tiled modules.
The characterisation of CdTe sensors, with guard bands and with the edge surfaces as diced
by Acrorad Ltd, showed that the edge surface leakage current is several orders of magni-
tude higher than that of the bulk, which results in the premature breakdown of the sensor
(section 4.2). The analysis of an active-edge CdTe sensor, where the guard bands were re-
moved and the outside pixels extended up to the edge, found that the majority of the edge
pixels presented excellent spectroscopic performance. However, non-uniformities in the
charge collection were found in 34 % of the edge pixels (section 4.3.2), which could hinder
their performance in X-ray imaging and increase the dead area between modules. These
non-uniformities consisted of inactive areas up to 200 µm from the edge surface (section
4.3.3), which were characterised by poor photon detection and charge collection efficiency.
A TCAD simulation with an edge with low resistivity showed that it replicated the experi-
mental results in terms of charge collection efficiency (section 4.3.6).
An edge processing technique was developed to increase the resistivity of the edge surface
and improve the yield of edge pixels with excellent characteristics for X-ray imaging. The
most effective technique was to lap the CdTe edges with a 3 µm alumina followed by a
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polish with a 0.3 µ alumina slurry to remove the dicing damage and to smooth the surface
(section 5.3.3). The edge surface leakage current density of the processed CdTe devices
was reduced and 59 % of the edge pixels presented excellent X-ray spectroscopy for X-ray
imaging. The remaining edge pixels were damaged during the processing as a consequence
of the difficulties involved in handling the 1 mm thick sensor. These results suggest that,
if the processing conditions were more controlled, the yield of edge pixels with excellent
X-ray imaging characteristics would be increased.
The performance of these edge pixels was compared to those with diced edge surfaces. It
was found that the edge pixels with processed surfaces were sensitive to radiation collection
within 12 µm from the edge. Those with diced edges only detected the photons when they
interacted beyond 80 µm from the edge surface (sections 6.4 and 6.5). This is related to the
high density of traps present in the diced edges due to the damage introduced by dicing, that
is reduced when the crystal edges are processed.
7.1 Future work
The work in this thesis demonstrated that active-edge pixelated CdTe radiation detectors,
without guard bands, are a promising technology for the tiling of modules when building a
large Cd(Zn)Te radiation detector for X-ray imaging. Processing the edges of these detectors
has the capability to decrease non-uniformities in the charge collection at the detector edge.
However, a reliable, controlled and standardised procedure for edge processing is needed
for the production of active-edge CdTe radiation detectors with 100 % edge pixels active up
to the physical edge. The edge processing in this work was conducted manually and subject
to the uneven pressure applied by the operator. A mounting method needs to be developed
for the edge processing to be uniform and controlled without damaging the metal surfaces
of Cd(Zn)Te.
An in-depth study of the properties of the traps at the edge also needs to be conducted to
confirm the results of this work. The energy of the traps, their cross-section for electron
and holes and their density are factors that need to be studied through deep level transient
spectroscopy (DLTS), or similar techniques, to further understand their role in the edge
effects.
The development of 3D interconnect and TSVs is essential to reduce the dead space between
the ASICs, as a result of the space occupied by the wire bonds that connect the ASIC
periphery to a PCB. A high precision mounting method will need to be developed to tile
the individual modules together without damaging the sensors and to position them with
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minimal dead space between modules.
Another challenge is the handling and storage of the data produced by a large pixelated
radiation detector with spectroscopic capabilities. A possibility is to use the spare capacity
in the FPGAs to do on-the-fly histogram generation or charge sharing corrections, which
would reduce the size of the data files produced by the detector.
The work presented in this thesis showed that the use of guard bands is not a requirement
for excellent spectroscopic performance in pixelated CdTe at room temperature. The use
of pixels up to the crystal edge expands the active area of the imaging detector and edge
processing has the capability of increasing the operating bias voltage of the detector as well
as the spectroscopic performance of the edge pixels. The results achieved in this work have
contributed to a deeper understanding of radiation detection and charge collection near the
crystal edges and pave the way to build a large panel pixelated CdTe radiation detector with
minimal gaps between tiled modules.
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ABSTRACT: Large area detectors capable of operating with high detection efficiency at energies
above 30 keV are required in many contemporary X-ray imaging applications. The properties of
high Z compound semiconductors, such as CdTe, make them ideally suitable to these applications.
The STFC Rutherford Appleton Laboratory has developed a small pixel CdTe detector with 80×80
pixels on a 250 µm pitch. Historically, these detectors have included a 200 µm wide guard band
around the pixelated anode to reduce the effect of defects in the crystal edge. The latest version of
the detector ASIC is capable of four-side butting that allows the tiling of N×N flat panel arrays. To
limit the dead space between modules to the width of one pixel, edgeless detector geometries have
been developed where the active volume of the detector extends to the physical edge of the crystal.
The spectroscopic performance of an edgeless CdTe detector bump bonded to the HEXITEC ASIC
was tested with sealed radiation sources and compared with a monochromatic X-ray micro-beam
mapping measurements made at the Diamond Light Source, U.K. The average energy resolution
at 59.54 keV of bulk and edge pixels was 1.23 keV and 1.58 keV, respectively. 87% of the edge
pixels present fully spectroscopic performance demonstrating that edgeless CdTe detectors are a
promising technology for the production of large panel radiation detectors for X-ray imaging.
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1 Introduction
The advantages of using cadmium telluride (CdTe) as a radiation detector for high energy X and γ
ray applications are well known and documented [1, 2]. Many of these applications, for instance
medical imaging [3], synchrotron imaging and explosive and drugs detection [4, 5], require large
panel radiation detectors with significant active areas (> 4 cm2).
Recent progress in the growth of single crystal CdTe has produced high quality wafers of
100mm in diameter [6]. The major limitation on detector size is the reticle size (slightly greater
than 20×20mm2) used by the foundry during the fabrication of the readout ASIC. In order to
produce large active areas, multiple CdTe detectors have to be tiled in N×N arrays. To minimise
the insensitive areas between modules, the use of four side “butt-able” detectors are required. The
HEXITEC collaboration [2, 7] has developed a four side butt-able ASIC by redistributing the I/O
interconnection on the fourth side to the back of the ASIC using through silicon via technology [8].
Novel edgeless detector designs, with minimum inactive areas, are required to be bonded to these
ASICs.
During the production of detectors, the dicing of wafers into individual die introduces many
crystalline defects and impurities in the crystal edges [9, 10]. These defects can have an adverse
effect on the crystal properties, particularly near the edge, impeding charge transport and creating
high surface leakage currents [9, 11]. For these reasons, it has been standard practise to employ
guard bands in CdTe radiation detectors around the pixelated array. Guard bands are very effective
in negating edge effects but create large dead areas between tiled modules, making them unsuitable
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Figure 1. Illustration of a partial corner area of the traditional HEXITEC design (left) and that of the
edgeless CdTe detector (right).
for the production of large area flat panel arrays. To maximise the active areas in a large flat
panel CdTe detector, the STFC Rutherford Appleton Laboratory has developed an edgeless detector
without a guard band and with edge pixels extended to the physical edge of the crystal.
In this paper, the spectroscopic performance of edge pixels in a small pixel edgeless CdTe
detector is investigated and the design’s suitability for X-ray spectroscopic imaging assessed.
2 Methodology
2.1 Detector design
The HEXITEC ASIC was specifically developed for the HEXITEC collaboration by the STFC
Rutherford Appleton Laboratory [7] for the readout of small pixel, fully spectroscopic Cd(Zn)Te
detectors. The ASIC consists of 80×80 pixels on a 250 µm pitch. CdTe detectors bonded
to HEXITEC are 20.55×20.55×1.0mm3 Schottky detectors with a pixelated aluminium anode
(AlN/Au/Ti/Al) and a platinum cathode.
To date, HEXITEC detector systems have been assembled using CdTe detectors with a 200 µm
wide guard ring. However, this is unsuitable for the assembly of large area detectors where the
insensitive area between tiled modules must be minimized. By removing the guard band it is
possible to reduce the inter-module gap to the width of one pixel (250 µm). In order to cover the
entire ASIC area, the dimensions of the outer pixels of the CdTe detector have been extended from
200 µm×200 µm to 200 µm×350 µm, as shown in figure 1. The inter-pixel gap is 50 µm.
This new design results in corner pixels with dimensions of 350 µm×350 µm. The outer
pixels are 50 µm from the physical edge of the CdTe crystal to comply with Acrorad’s detector
design rules. The modified edge and corner pixels represent 5% of the total number of pixels in
the detector. The notch observed on the corner pixel of the edgeless geometry was created for
alignment precision during bonding.
An edgeless detector was fabricated by Acrorad Ltd with the design described above. The
detector is a 20.35×20.35×1.0mm3 Schottky CdTe detector, with a pixelated aluminium anode
(AlN/Au/Ti/Al) and a platinum cathode. The detector was directly diced from a CdTe wafer and
received no special edge treatment post-dicing.
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2.2 Measurement of edge leakage currents
Three Schottky CdTe detectors with the standard electrode geometry, which includes a 200 µm
wide guard ring on the pixelated anode, as seen on the left of figure 1, were used to measure
edge leakage currents. As with the edgeless detector, the crystal edges received no special treat-
ment post-dicing. Previous measurements with these Acrorad Schottky CdTe detectors bonded
to the HEXITEC ASIC have achieved an average energy resolution (FWHM) of 0.75 keV at
59.54 keV [10].
The HEXITEC ASIC is capable of isolating the guard ring leakage current from the bulk
leakage current which allows the properties of the edge surface to be investigated. The current-
voltage characteristics of each detector were measured using two Keithley 2410 source meters.
One acted as a high voltage supply to the cathode while the other read out the current drawn by the
guard ring. Each detector was biased from −50V to −600V, in steps of −50V. At each applied
bias a measurement was performed for 180 s and the average leakage current over this period was
calculated. All measurements were made with the detectors cooled to 14 oC.
The total leakage current drawn by each detector was measured at the cathode. The second
Keithly measured the leakage current from the volume subtended by the guard ring and the crystal
edges. The bulk leakage current was calculated as the difference between the two.
Using the leakage current measurements, a “stable operating voltage” was determined for the
detectors. This was defined as the voltage over which the detector leakage current was stable within
5 nA, over a 180 s acquisition. This ensures that changes in the leakage current are small and do
not affect the detector spectroscopy.
Using this definition, an ideal operating voltage of −400V was determined for the edgeless
CdTe detector with the detector cooled to 14 oC.
2.3 Edgeless detector characterization
The edgeless detector was uniformly irradiated with an Americium-241 (241Am) sealed source.
This source had a radiation flux of 60 photons s−1 cm−2 and the data were collected for 20 hours.
Each individual pixel was calibrated with the known energy peaks of 13.95 keV, 17.70 keV and
59.54 keV of the 241Am spectrum. To prevent polarisation of the CdTe detector, the bias voltage
was refreshed and settled for 10 s every minute [12].
Two areas that were representative of the edge pixels performance based on the 241Am data
were selected to be characterized with an X-ray micro-beam. Firstly, a corner area consisting
of 900 µm×900 µm and secondly, a region of 600 µm×1200 µm containing six edge pixels. A
monochromatic 10 µm×10 µm 20 keV X-ray beam produced on the B16 test beamline at the Dia-
mond Light Source with a flux of 1×1011 photons s−1 cm−2 was used to scan these areas in steps
of 25 µm. The data were collected for 20 s at each position, followed by a 10 s bias refresh and
settling time between steps to avoid polarisation. Each map required 10 h to 12 h to be completed.
The spectrum at each position was calibrated with the mono-energetic 20 keV peak and the 3rd and
4th beam harmonics of 60 keV and 80 keV (the 2nd beam harmonic is forbidden).
Following collection of the data, the analysis was completed using a charge sharing discrimi-
nation algorithm implemented in Mathworks Matlab (R2012a, Massachusetts, U.S.A.). When two
or more neighbouring pixels are found to have events above the low energy threshold of 3–4 keV
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in a single frame of data, they are considered to be charge shared events. The discrimination algo-
rithm removes these events from the data set producing high resolution spectroscopy as described
in [10]. The detector records the energy and pixel position of each individual event which allows
the use of other charge sharing algorithms, for instance charge sharing addition [10], but these were
not used in this work.
2.4 Bias voltage effect
The influence of the applied bias voltage to the CdTe detector on the spectroscopy of the edge
pixels was studied with the X-ray micro-beam and a 241Am sealed source. Under the acquisition
conditions described above for the micro-beam scan, a line scan was performed in four bulk pixels
and one edge pixel, with the detector biased at −200V, −300V, −350V and −400V for each line
scan. Sealed source measurements were made under the same conditions described above for the
241Am acquisition with the detector biased at −200V and −400V.
3 Results and discussion
3.1 Leakage current measurements
All the detectors used in this study, both standard geometry and edgeless, were grown, processed
and fabricated by Acrorad Ltd using identical techniques. CdTe wafers were cut into individual
die using a diamond blade saw. The faces of the crystal were lapped, polished and etched with a
bromide methanol solution but no additional processing was done to the crystal edges [13, 14]. A
pixelated aluminium anode and a platinum cathode were deposited as contacts on the processed
faces of the crystal.
The leakage current measured by the guard ring consists of the current drawn through the vol-
ume subtended by the 200 µm guard band and an additional contribution from the crystal edges.
The processing of the main crystal surfaces has been shown to reduce the leakage current in detec-
tors [11, 15], and as the crystal edges have not received further processing after dicing, the leakage
current measured from the guard ring is predominantly produced at the edge of the detector.
Figure 2 shows the total, edge and bulk leakage current density for one of the standard geom-
etry Acrorad detectors (left). The bulk and edge leakage currents are shown as a proportion of the
total measured leakage current (right).
The bulk leakage current was taken as the difference between the total current and the cur-
rent drawn by the guard ring. To enable a comparison between the edge and bulk currents, each
measurement was normalized to its respective area: 4.14 cm2 for the total area, 4.06 cm2 for the
bulk array and 0.08 cm2 for the guard area. Figure 2 (left) shows the result where the edge current
density is an order of magnitude higher than the average current across the detector (total current).
The maximum operating voltage for this particular detector was established to be −400V.
Between −50V and −400V the bulk current showed a small increase and represented up to 80%
of the total detector leakage current, while the remaining 20% was contributed by the detector
edges. Above the operating voltage the detector leakage current increased exponentially leading to
a breakdown of the detector. By isolating and measuring the edge leakage current it was determined
that this was the source of the detector breakdown at high voltages (figure 2, right).
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Figure 2. Inversed current density in nA/cm2 vs. applied bias (V) (left) and normalised bulk and guard
leakage currents (right).
Figure 3. Current-voltage characteristics of the edgeless CdTe detector.
In edgeless detectors, where the guard band has been removed, additional leakage current gen-
erated at the crystal edges under high bias may have a negative effect on the detector performance.
Figure 3 shows the current-voltage curve for the edgeless CdTe detector, in terms of its total leakage
current.
The total leakage current of the edgeless CdTe detector follows the same trend as those with
standard geometries (figure 2). This suggests that the edge leakage current is also a major contribu-
tor to the total leakage current of the detector at high bias voltages. If the operating bias is carefully
selected, it may be possible to operate the edgeless detector with spectroscopic performance fab-
ricated using existing techniques. In this case, the stable operating voltage for the edgeless CdTe
was defined as – 400V, which was stable within 5 nA over a 180 s acquisition.
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Figure 4. 241Am spectra of a bulk pixel (a) and an edge pixel (b).
3.2 241Am characterization results
The edgeless CdTe detector was flood illuminated with a 241Am sealed source to characterize the
detector performance, particularly that of the edge pixels. The average FWHM of the bulk pixels at
the operation bias of – 400V was 1.23 keV at 59.54 keV, and 1.58 keV for edge pixels. The standard
deviation of the energy resolution with 95% coefficient bounds for the bulk and edge pixels was
0.36 keV and 0.38 keV, respectively. Figure 4 a) shows a typical 241Am spectra for a bulk pixel and
figure 4 b) for an edge pixel, with a calibration pulse obtained for each pixel.
The energy resolution obtained for the bulk pixels of the CdTe detector was lower than that
usually achieved with standard CdTe detectors bonded to the HEXITEC ASIC. The relatively high
leakage current measured in the CdTe detector (35 nA) at the operating bias of −400V resulted in
a reduction of the spectroscopic performance of the detector compared to standard detectors [10].
The larger FWHM of the edge pixels compared to the bulk pixels was expected as a consequence
of the larger pixel size that results in a reduction of the effectiveness of the small pixel effect [16].
Despite the reduction in energy resolution of the edge pixels, it should be noted that they are
still capable of distinguishing closely-spaced energy peaks as those seen in the 241Am spectrum
in figure 4. The calibration peaks in figure 4 give an upper limit for the detector electronics of
approximately 800 eV demonstrating that the observed wider FWHM is due to material properties
rather than the detector electronics.
The variation in the performance of the edge pixels was observed to be randomly distributed
around the detector. Figure 5 shows spectra that are representative of some of the different types of
edge pixel response.
The majority of the edge pixels (60%) have similar spectroscopic performance to the bulk pix-
els, with a photopeak FWHM below 2 keV and visible Np peaks (figure 5.a)). A further 27% of all
edge pixels present good spectroscopic performance but show an increase in the number of counts
below 10 keV (figure 5.b). The remaining edge pixels present severely degraded spectroscopic
performance with the majority of the events shifted to lower energies, as shown in figure 5.c).
The 241Am characterization demonstrates that, without the use of a guard band, the CdTe
detector still has excellent spectroscopic performance. The yield of the pixels with excellent char-
acteristics for X-ray imaging was 87%. This demonstrates the feasibility of using edgeless CdTe
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Figure 5. Examples of spectra performance of edge pixels at −400V. See text for descriptions.
detectors with extended edge pixels to build large panel high Z detectors for X-ray imaging. In
the following section, the differences between the high performance edge pixels and the remain-
ing 13% with degraded performance will be investigated further using monochromatic micro-beam
mapping measurements.
3.3 Micro-beam characterization
A 10 µm×10 µm micro-beam of mono-energetic 20 keV X-rays was used to map a corner area
of the detector in steps of 25 µm. This particular corner area was chosen for investigation as it
contained edge pixels with different levels of spectroscopic performance. Figure 6 shows a map of
the total number of counts for each scan position.
In figure 6, pixels a to f have similar dimensions to the physical pixel electrode size, with
the bulk and edge pixels having widths of approximately 200 µm and 350 µm, respectively. Pixels
g and h show large inactive areas with a significant drop in the total number of counts observed,
indicating areas with poor charge collection efficiency. The active area of these pixels, defined as
the area over which more than 9000 counts are detected, has been reduced from 200 µm×350 µm
to approximately 200 µm×125 µm.
The non-uniformities observed in the micro-beam map of the corner area of the detector are
reflected in the spectroscopic performance of each pixel, seen in figure 6. In pixels where the
mapping measurements showed the expected pixel size relative to the electrode geometry, a well
defined mono-energetic peak is observed (figures 6.b) and 6.f)). In pixels where a smaller active
area was measured, an increase in counts at low channel numbers is seen (figure 6.h)). The corner
pixel presents major non-uniformities, largely observed in the mapping of the centroid position of
the 20 keV X-ray beam in figure 7. These non-uniformities in the corner pixel result in a broad
spectrum (figure 6.i)) that is 2.7 times wider than a standard edge pixel.
A second area along one edge of the detector was mapped with the micro-beam. A map of
the total number of counts detected is presented in figure 8. As with the first area mapped with the
micro-beam, an area of reduced charge collection efficiency, with an average width of 100 µm was
observed at the crystal edge.
Figure 9 shows how the spectroscopic performance varies across the width of a typical edge
pixel. Position (16,20) is representative of the beam spectrum for all beam steps between steps
1<X< 16 in the area of figure 8.
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Figure 6. Mapping of a 3×3 pixel area of the edgeless detector with corresponding uncalibrated spectra.
Figure 7. Centroid (in channel numbers) of the mono-energetic 20 keV beam in the corner area.
As the beam moves towards the edge of the crystal the energy of the events is drastically and
continuously reduced. After position (17,20) the majority of events have energies below 3–4 keV
so they fall below the low energy threshold of the detector. The decrease in the energy of the events
indicates charge losses during the drift of electrons across the CdTe detector, up to 100 µm of the
physical edge of the pixel.
3.4 Comparison of the micro-beam results with the 241Am spectroscopy
To understand the extent of the inactive areas in the CdTe edgeless detector, the micro-beam data
was correlated to that obtained with the 241Am flood illumination. The 241Am spectrum of the
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Figure 8. Mapping of a typical edge area of the edgeless detector with corresponding uncalibrated spectra.
Figure 9. Sequential micro-beam positions.
pixels with larger inactive areas observed in the micro-beam map is comparable to that of the
micro-beam as seen in figure 10, where in both spectra a large number of counts are shifted to
lower energies. These pixels represent only 7% of all edge pixels and are a minority in the edgeless
CdTe detector.
The edge pixels in figure 8 with an inactive region of up to 100 µm wide, display a spectrum
similar to that in figure 5.b). This type of edge pixel spectra corresponds to 27% of all edge
pixels. This suggests that pixels with inactive areas up to a third of their physical area are still able
to produce good spectroscopy that allows calibration and spectroscopic X-ray imaging. Finally,
fully active pixels (pixels c and f , figure 6) have a 241Am spectrum with excellent spectroscopic
characteristics, as the one presented in figure 5.a). These represent the majority of the edge pixels
in the edgeless CdTe detector.
This correspondence suggests major edge effects occur only in 13% of all edge pixels and 87%
of all edge pixels present spectroscopic characteristics ideal for X-ray imaging.
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Figure 10. Mono-energetic beam spectrum (a) and 241Am spectrum of the same pixel (b).
3.5 Bias voltage effect
A micro-beam scan at several bias voltages was conducted across several bulk pixels and over
an edge pixel which displayed a spectrum similar to that shown in figure 5.b). The total leakage
current of the edgeless detector at −200 was measured to be 9 nA and 35 nA at −400V. Figure 11
shows line scans at different voltages in terms of the number of counts in the 20 keV photopeak
and the relationship between the inactive width of the pixel and the bias voltage.
The response of the bulk pixels was unchanged at different bias voltages while the number of
counts detected in the edge pixel showed significant spatial variation. The active area of the edge
pixel is larger at lower bias, both in terms of the total number of counts detected and the number of
counts in the photopeak. The active width of the pixel is reduced in terms of total number of counts
from 300 µm at −200V to 150 µm at −400V. In terms of photopeak counts, the active width of
the edge pixel at −200V and −400V is 375 µm and 150 µm, respectively.
The reduction of the active area of the edge pixel at higher bias voltages is consistent with
a collapse of the electric field at the detector edge. This collapse of the electric field is responsi-
ble for the poor spectroscopic performance of the 13% edge pixels identified with sealed source
measurements (figures 5.b) and 5.c)).
During fabrication, the area beneath the contacts was lapped, polished and chemically treated
in order to minimise the surface leakage current. But, as the edgeless detector was directly diced
from a CdTe wafer, it did not receive any special mechanical or chemical processing of the crystal
edges [13]. Wafer dicing introduces crystalline defects and impurities in the crystal edge that result
in a localised changes of the surface conductivity. This variation in conductivity creates leakage
current paths [17] that affect the local uniformity of the electric field at the crystal edge leading to
a degradation of the edge pixel charge collection efficiency [18]. The total leakage current in the
edgeless CdTe has tripled from 9 nA to 35 nA between −200V and −400V. As shown in figure 2
and previously discussed, an increase of the total leakage current at higher bias was identified as an
edge property. The inactive areas observed in 13% of all edge pixels at −400V are related to this
excess edge surface leakage currents that distort the local electric field.
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Figure 11. Bias effect on the photopeak counts (left) and edge active width vs. reserve applied bias (right).
The localised collapse of the electric field does not degrade the overall performance of edgeless
CdTe detectors as 87% of edge pixels operate with excellent energy resolution. Mechanical and
chemical treatment of the CdTe crystal edges might help increase the yield of edge pixels with
excellent spectroscopy. These processes represent a significant technical challenge as the edge
thicknesses are typically 1mm or less and, as shown in this work, may not be needed to produce
high quality devices.
4 Summary and conclusion
The performance of a small pixel CdTe bonded to HEXITEC was tested with sealed source mea-
surements and micro-beam mapping at Diamond Light Source. The edge pixels of the detector
were extended to the physical edge of the crystal to allow four-side-butting with minimum insensi-
tive areas between modules. The edge and bulk pixels had an average energy resolution of 1.58 keV
and 1.23 keV at the 241Am photopeak of 59.54 keV. The micro-beam measurements showed non-
uniformities in the charge collection efficiency in 13% of the edge pixels, attributed to the localised
collapse of the electric field. It was suggested that this collapse is due to localised large edge leak-
age currents on the crystal edges of the CdTe detector. At an operation voltage of −400V, 87%
of all edge pixels present excellent spectroscopy and good charge collection in the majority of the
pixel area. The results in this paper suggest that edgeless CdTe detectors with pixels extended up to
the physical edge of the detector fabricated using existing techniques are suitable for the production
of large panel radiation detectors.
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The edge surfaces of single crystal CdTe play an important role in the electronic properties and perfor-
mance of this material as an X-ray and γ-ray radiation detector. Edge effects have previously been
reported to reduce the spectroscopic performance of the edge pixels in pixelated CdTe radiation detectors
without guard bands. A novel Technology Computer Aided Design (TCAD) model based on experimental
data has been developed to investigate these effects. The results presented in this paper show how
localized low resistivity surfaces modify the internal electric ﬁeld of CdTe creating potential wells. These
result in a reduction of charge collection efﬁciency of the edge pixels, which compares well with
experimental data.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Cd(Zn)Te single module devices have shown encouraging results
for X-ray imaging but many applications, such as nuclear medicine
and airport security, require larger radiation detectors. Large area Cd
(Zn)Te crystals are limited to the maximum ingot sizes of 85 mm in
diameter and pixelated devices are restrained to the reticle size of the
ASIC used in the foundry (typically o2!2 cm2). Cd(Zn)Te modules
can be tiled together to form a larger detector array [1–3]. This
structure produces gaps between modules due to the space taken by
the ASIC readout and by the guard band in the sensor and can be
detrimental for X-ray imaging, particularly in medical applications.
Through Silicon Via technology and active-edge detectors, where
pixels are sensitive up to the physical edge of the device, are required
to minimize these gaps and build a large panel Cd(Zn)Te detectors for
X-ray imaging.
Guard bands have been employed in radiation detectors since
the 1960s to mitigate edge effects due to the presence of defects in
the physical edge of the CdTe detector created by wafer dicing
without subsequent edge treatment. Many studies have investi-
gated the effect of the surface preparation of Cd(Zn)Te prior to the
deposition of contacts where reductions in leakage currents in Cd
(Zn)Te radiation detectors and better adhesion and electrical
properties of the electrical contacts deposited are achieved [4–8].
However, little has been done to investigate the effect of edge
processing in Cd(Zn)Te radiation detectors. J. Crocco et al. have
reported that mechanical polishing of the edge decreases detector
leakage currents by 200% when a surface rms roughness of 20 nm
is achieved [9], but the 1 mm thick CdTe radiation detectors sup-
plied by Acrorad rely on a smooth wafer dicing process to decrease
edge damage and subsequent leakage current.
The STFC Rutherford Appleton Laboratory has developed a
pixelated active-edge Acrorad CdTe radiation detector bonded to
the HEXITEC ASIC. HEXITEC is a fully spectroscopic readout ASIC
for X-ray imaging up to 200 keV that is able to read the position
and energy of each interacting photon [10]. The active-edge
detector conﬁguration has a 250 mm pixel pitch where the guard
band has been removed and the edge pixels extended to the
physical edge of the crystal. Non-uniformities in the spectroscopic
performance of this HEXITEC active –edge CdTe detector with
Acrorad diced edges were present in only 13% of the edge pixels
and these were typically characterized by a reduction in the charge
collection efﬁciency [11]. A study with a 10 μm!10 μm 20 keV
monochromatic beam at the Diamond Light Source synchrotron
showed that a non-uniform reduction in the electric ﬁeld up to
200 μm from the crystal edge in these pixels was responsible for
the poor performance [11]. These promising results show that the
majority of edge pixels have excellent spectroscopic performance
in detectors with Acrorad diced edges, but that the spatial varia-
tion in non-uniformities at the crystal edges need to be further
understood.
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/nima
Nuclear Instruments and Methods in
Physics Research A
http://dx.doi.org/10.1016/j.nima.2015.09.087
0168-9002/& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
n Corresponding author at: STFC Rutherford Appleton Laboratory, Harwell
Oxford, Didcot OX11 0QX, United Kingdom. Tel.: þ44 1235 44 5195.
E-mail address: diana.duarte@stfc.ac.uk (D.D. Duarte).
Nuclear Instruments and Methods in Physics Research A 806 (2016) 139–145
The edge leakage current of these devices has been measured
to be at least an order of magnitude higher than the bulk leakage
current [11] which suggests the presence of low surface resistivity
at the edge of CdTe. Nevertheless, it is difﬁcult to ﬁnd a method to
experimentally measure and understand the edge resistivity of
thick semi-insulating samples created by dicing or edge processing
and its subsequent effect on the electric ﬁeld near the crystal edge.
This difﬁculty is addressed in here by using TCAD simulation
models to understand the surface properties of CdTe and to
replicate effects observed experimentally in these detectors. This
will allow the development of processes to minimize edge effects
and to increase the active area as the industry moves forward to
commercialize large panel Cd(Zn)Te radiation detectors.
2. The TCAD simulation software
TCAD is a ﬁnite-element simulation package developed by
Synopsyss [12] for the silicon industry to optimize semiconductor
processing technologies and devices. It is possible to design and
simulate the electric characteristics of semiconductor radiation
detectors using tools such as the Structure Editor and Sentaurus
Device. TCAD can also be used to simulate other materials than
silicon, such as CdTe, but the number of TCAD models and tools
applicable to these materials is restricted.
The CdTe device is created in the TCAD software using geo-
metric operations that deﬁne the bulk crystal and electrodes in
either 2D or 3D. In this paper, only 2D structures were simulated.
The device structure is modeled using a ﬁnite element dis-
cretization by creating a 2D mesh of nodes and fragmenting the
volume between the nodes into several elements. The semi-
conductor equations are approximately deﬁned for each element
during simulation where the three main variables are the electron
and hole concentrations and the electrostatic potential [13]. The
primary focus of the semiconductor equations in simulation is to
describe the static and dynamic behavior of charge carriers under
the inﬂuence of electrical ﬁelds [14]. The motion of charge carriers
is treated to be semi-classical hence the transport of electron and
holes in semiconductors is derived from the Boltzmann transport
equations. It is incorporated in TCAD through the drift-diffusion
model, where the current densities, J
!
n;p, for electrons and holes
are given by (1) and (2) respectively:
J
!
n ¼ %nqmn∇φn ð1Þ
J
!
p ¼ %pqmp∇φp ð2Þ
where n and p the electron and hole carrier densities, mn;p the
electron and hole mobility and ∇φn;p the gradient of φn;p, which
are the electrostatic potential (or quasi-Fermi potentials) due to
electrons and holes.
All of the carrier transport models for semiconductors can be
written in the form of the continuity equations that describe
charge conservation, given by (3) for electrons and (4) for holes:
∇Jn ¼ qRþq
dn
dt
ð3Þ
%∇Jp ¼ qRþq
dp
dt
ð4Þ
where R is the net recombination rate and q the electron electric
charge.
2.1. Boundary conditions
The solutions to the semiconductor equations require boundary
conditions for the contact surfaces and other borders, such as the
device edges. Ohmic contacts are used in this simulation for simplicity
where charge neutrality and equilibrium and zero barrier height at
the metal–semiconductor interface are assumed. The ideal Neumann
boundary conditions, also known as reﬂective boundaries, are adop-
ted at the device edges as artiﬁcial boundaries to guarantee that the
domain under consideration is self-contained. These state that no
current ﬂow exists at the interface, according to (5) for electrons and
(6) for holes:
Jn:n¼ 0 ð5Þ
Jp:p¼ 0 ð6Þ
The boundary conditions adopted are particularly important
when simulating active-edge devices or the effect of guard bands
on the electric performance of any radiation detector.
2.2. Simulation parameters
In this paper, a simulation model that reﬂects edge effects will
be validated against experimental data previously published by
Duarte et al. [11]. CdTe detectors were investigated using 20 keV
monoenergetic X-ray photons. These create a charge cloud
79.73 mm below the detector cathode corresponding to the mean
free path of 20 keV photons in CdTe, calculated using the NIST
XCOM software [15]. The charge generated by 20 keV is equivalent
to 7.22!10%4 pC. A w-value of 4.43 eV per electron-hole-pair was
used for this calculation [16].
A 1 mm thick device made from the standard CdTe material in the
TCAD library was used in the simulation. No trap states are present
in this material and the charge carrier mobilities (μ) and lifetimes (τ)
have values of: τe¼5 ms, τh¼0.5 ms, μe¼1000 cm
2(V s)%1, μp¼80 cm
2.
(V s)%1. The charge collecting time implemented in the simulation is
of 2 ms, the same value as the shaping time used in the HEXITEC ASIC,
in order to compare experimental data with simulation data.
This device was biased at %400 V. It is defect-free (no traps or
dopants present) and has a bulk resistivity of 6.9!1010Ω cm, an
order of magnitude higher than commercial available CdTe
((109Ω cm) [17]. To build an ideal CdTe material in TCAD would
require knowledge of the doping and trapping states in the
material that are beyond the purpose of the simulations presented
here. Hence, all the resistivity values used in this simulation are
relative to the bulk resistivity of the TCAD material.
3. TCAD simulation of a pixelated CdTe
The most important parameters in a semiconductor radiation
detector simulation are the electric ﬁeld, electrostatic potential
and weighting potential that determine the path the charge car-
riers will follow and the charge induced in a pixel. Fig. 1(a) shows
the electric ﬁeld proﬁle for an active-edge pixelated CdTe detector
with a 250 mm pixel pitch and an edge pixel of 350 mm.
The electric ﬁeld strength is uniform throughout the bulk of the
detector but shows an increase in ﬁeld strength closer to the pixel
contacts with a decrease of ﬁeld between pixels. Fig. 1(b) shows
the electrostatic potential for the same device where charge car-
riers travel perpendicularly to the equipotential lines.
Another parameter of interest is the pixel weighting potential
which is solely reliant on the detector geometry. The weighting
potential is a theoretical tool that is used to describe charge induction
in small pixel detectors [18]. In an imaging geometry, the weighting
potential near the anode can be enhanced by reducing the pixel size
relative to the thickness of the detector. This phenomenon is known
as the “small pixel effect” and ensures that only charge carriers that
drift close to the detector pixels induce a signiﬁcant charge. This is
important in CdTe detectors where the poor transport of holes can
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lead to signiﬁcant degradation of the spectroscopic performance in
simple anode geometries.
The weighting potential of an edge pixel in this CdTe detector
has been compared to that of a bulk pixel (Fig. 2). The simulation
shows that the weighting potential of the bulk pixel is constrained
closer to the anode compared to the edge pixel which shows less
of a small pixel effect and behaves much more like a planar
detector. As a consequence, there is a larger contribution of holes
to the induced signal on the edge pixel.
Fig. 3 shows the drift and diffusion of a charge cloud due to
20 keV photons at 2 ns (a), 50 ns (b) and 100 ns (c) after the
interaction in an active-edge CdTe radiation detector. The charge is
fully collected by the edge pixel despite its proximity to the phy-
sical edge. It is clear that no edge effects are present in this idea-
lized simulation with only the Neumann boundary conditions at
the edge of the device.
This shows that the default settings of TCAD are not able to
reproduce edge effects observed experimentally in CdTe. If real device
performance is to be simulated, there is a need to alter the boundary
conditions of the CdTe device simulation.
4. Simulation of low resistivity surfaces
In reality CdTe crystals do not have ideal edges as surfaces are
damaged or altered during dicing, processing, handling and
bonding of radiation detectors. Fig. 4 shows how chipping, pits and
dicing marks are clearly visible on the edge surfaces of a 1 mm
thick CdTe crystal fabricated by Acrorad Ltd.
These deformities at the surface result in electrically active
defects that create leakage current paths at the surface of CdTe
radiation detectors [19]. These deformities appear across the edge
surfaces depending on the quality of the dicing cut or ﬁnal edge
surface processing and on the handling of the crystals. Many of
these defects are located at the boundaries of the edges where the
brittle CdTe material can be easily damaged.
The effect of this localized damage on the internal electric ﬁeld
is important for radiation detectors that use active-edge technol-
ogy, where charge is collected up to the physical crystal edge. The
edge current density in CdTe has been measured experimentally to
be at least an order of magnitude higher than the bulk current
density [11] suggesting low resistivity surfaces are present in CdTe
radiation detectors. This knowledge can be implemented in TCAD
Fig. 1. Electric ﬁeld (a) and electrostatic potential (b) of an active-edge pixelated
CdTe detector biased at %400 V.
Fig. 2. Weighting potential of 250 mm bulk pixels and 350 mm edge pixels.
Fig. 3. Electron density (logarithmic scale) of a 20 keV charge cloud under a
%400 V electric ﬁeld in CdTe at 2 ns (a), 50 ns (b) and 100 ns (c) after interaction.
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to understand the effect of localized surface damage on the charge
collection efﬁciency of CdTe.
A 10 mmwide edge region of the CdTe was replaced with a new
layer with a reduced resistivity, changing the edge from its ideal
Neumann conditions. An initial study was completed with the low
resistivity layer covering the whole edge surface from cathode to
anode. This conductive layer can be used to approximate the effect
of electrically active defects that may be introduced by dicing
across the crystal edge. The resulting electrostatic potential is seen
in Fig. 5 for an edge layer resistivity of 107Ω cm (a) and 1010Ω cm
(b) whilst the bulk resistivity of the device is 6.9!1010Ω cm.
This initial simulation indicates that the presence of low
resistivity edge surfaces can cause bending of the electrostatic
potential, resulting in a change of the path of charge carriers
deposited in the volume above the edge pixel to the neighboring
bulk pixels, as the charge transport occurs perpendicularly to the
equipotential lines (Fig. 5c). No additional counts have been
observed experimentally in pixels neighboring edge pixels [11,20]
although similar results have been observed experimentally in
silicon radiation detectors [21]. The results show that the intro-
duction of a low resistivity layer at the edge of the crystal, as an
approximation of the effect of blade dicing, is able to modify the
electrostatic potential but is unable to reproduce the effects
observed experimentally in active-edge CdTe radiation detectors.
Pits and crystal chipping (Fig. 4) may result in localized low
resistivity areas at the edge. A second simulation was made to
observe the effect of these highly localized areas of low resistivity
at different positions along the detector. A 300 mm long low
resistivity layer was created at the edge nearer to the cathode (a),
between the cathode and anode (b) and closer to the anode (c).
The effect of these localized areas of low resistivity on the elec-
trostatic potential is shown in Fig. 6.
The resistivity values of each layer were altered over 10 orders
of magnitude to observe their effect on the charge collection from
20 keV photons deposited above the center of the 350 mm edge
pixel. The charge collection was monitored for the edge pixel and
its neighboring bulk pixel. The results are shown in Fig. 7. The
simulated charge collection efﬁciency is given by the ratio of the
charge measured at the pixel to the initial charge deposited in the
device (20 keV).
Full charge collection on the edge pixel is observed when the
layer resistivity approaches that of the simulated bulk
(41010Ω cm) for all three positions studied.
A low resistivity layer positioned near the cathode (top layer)
with resistivities lower than 1010Ω cm results in charge being
Fig. 4. Scanning electron microscopy (SEM) of CdTe crystal edges.
Fig. 5. Inﬂuence of low resistivity layer of 107 Ω cm and 1010 Ω cm on the electrostatic potential (a) and (b), respectively) and its consequence on the charge transport at
50 ns of a 20 keV photon (c) and (d), respectively).
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collected by the neighboring bulk pixel instead of the edge pixel.
This is consistent with the bending of the electrostatic lines seen
in Fig. 5(a) and (c) that directs the charge to the neighboring pixel.
Under the same conditions, but with the layers positioned in
the middle or near the anode (bottom layer), there is a small
percentage of charge collected by the bulk pixel but there is a large
percentage of charge that is lost. Up to 35% of the total charge is
lost when the layer is positioned in the middle whereas less than
15% charge loss in observed for the low resistivity layer positioned
near the anode.
This loss of small amounts of charge, particularly when the low
resistivity layer is positioned in the middle of the crystal, is similar
to those seen experimentally in [11] and suggests that the
experimental loss of charge may be related to localized defects at
the surface of the CdTe edges. Nonetheless, edge defects intro-
duced by dicing, processing or handling the crystals are unlikely to
be isolated to a few small regions of low resistivity. Dicing intro-
duces electrically-active traps across the cut surface whilst chip-
ping, cracks, scratches and pits also contribute to the decrease of
resistivity at the surface of CdTe. To produce realistic results, any
edge simulation must include a model that accounts for the range
of defects occurring at the crystal edge.
The experimental results obtained in [11] suggest a charge loss
of 20% occurs within 200 mm of the physical edge of CdTe and that
no charge or insigniﬁcant amounts of charge are collected by the
neighboring bulk pixel. To this end, and to create a simulation
model that recreates the experimental results, the outcomes of
Fig. 7 suggest a layer with lower resistivity than the others must be
present nearer to the middle of the edge.
A model with an edge layer with variable resistivity from
108Ω cm to 1010Ω cm was developed as shown in Fig. 8, taking
into consideration the results obtained in Fig. 7 and [11].
The presence of a variable low resistivity layer at the edge
creates a potential well above the edge pixel (Fig. 9a). It also gives
rise to the bending of the electrostatic equipotential lines around
the lowest resistivity edge layers (Fig. 9b). The well has a mini-
mum potential of 560 V/cm when it is measured 200 mm away
from the crystal edge compared to 4000 V/cm for a bulk pixel. The
electric ﬁeld strength tends towards that of the bulk as the dis-
tance to the damaged layer increases.
The potential well and the bending of the electrostatic lines
cause the charge cloud deposited by a 20 keV photon to drift
towards the low resistivity edge layer as seen in Fig. 10. The low
ﬁeld strength in this region results in an increase of the recom-
bination rate of the charge carriers, as the charge drift slows in the
low potential region, leading to charge loss.
Fig. 11 compares a line scan obtained experimentally with a
simulated line scan in a CdTe device with the simulated geometry
shown in Fig. 8. Both line scans were obtained by depositing
20 keV X-ray photons in steps of 25 mm from the physical edge of
the crystal. The charge collection efﬁciency at each position was
calculated for the simulation and for the experimental data. The
experimental charge collection efﬁciency is deﬁned as the ratio of
the photopeak centroid measured in an edge pixel position near
the crystal physical edge to that of a position in the same pixel but
with the same photopeak centroid as a bulk pixel. Using the model
shown in Fig. 8, the simulated measurements are consistent with
Fig. 6. Inﬂuence of the position of a low resistivity edge layer in the electrostatic
potential. Low resistivity edge layer shown in red.
Fig. 7. Inﬂuence positioned on the top of the edge (a), middle (b) and bottom (c). Note semi-log plot.
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those observed experimentally with a monochromatic micro-
beam [11] where reductions in charge collection efﬁciency were
observed close to the physical edge of the crystal.
The simulated data ﬁts well with the experimental line scan. In
both, there is a loss of CCE up to 200 mm of the physical edge. There is
a small difference between the experimental and simulated data
possibly due to the fact that the simulated model does not take into
account traps present in the bulk material of CdTe and the higher
concentration of trap states that are present at the crystal edge in real
devices. This higher concentration of trap states at the crystal edge is
responsible for trapping charge carriers and if their de-trapping time
is longer than the HEXITEC collection time (o2 ms), those charge
carriers will not be contribute to the detector signal, which results in
a reduction of CCE at the crystal edge.
5. Conclusions
TCAD simulations are a powerful tool in aiding semiconductor
detector design and understanding complex physical problems that
cannot be easily explained experimentally. TCAD was used to
understand the cause of edge effects measured experimentally seen
in an active-edge 1 mm thick CdTe radiation detector. A CdTe device
model with a low resistivity edge surface was created. This model
shows how a low resistivity surface creates a region of low electric
ﬁeld strength near the edge leading to a reduction in charge collection
efﬁciency of the edge pixels. The simulated results compare well with
experimental data.
The TCAD simulation adds evidence to the conclusion that the
edge effects observed in the experimental data are due to the exis-
tence of damage at the crystal edge that modiﬁes the resistivity of
Fig. 8. Geometry of a 2D model consisting of bulk CdTe (green) and edge layer (red)
with variable resistivity. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 9. Electric ﬁeld proﬁle (a) and electrostatic potential proﬁle (b) of 2D model
with various resistivity layers at the edge.
Fig. 10. Electron density of a 20 keV charge cloud under a %400 V electric ﬁeld in
CdTe at 2 ns (a), 50 ns (b) and 100 ns (c) after interaction with a low resistivity edge
layer present at the device edge.
Fig. 11. Experimental and simulated CCE of 20 keV photons in an edge pixel of an
active-edge CdTe radiation detector.
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edge surfaces. The use of advanced wafer dicing techniques that limit
this damage, or the use of post-dicing edge processing techniques,
may reduce the edge effects in CdTe allowing high quality active-
edge detectors to be produced.
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